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THE SPECTRUM OF ELEMENTARY EXCITATIONS OF THE ELECTRON SYSTEM OF A 
SINGLE ATOM NON-CONDUCTING CRYSTAL 
Il. THE LIMITS OF APPLICABILITY OF DIRAK’S * 
INTERCHANGEABLE HAMILTONIAN 
Yu.A. ISYuMOV 
The Gor’kii Urals State University 
(Received 4 March 1958) 


This paper sets out the conditions in which it is possible to use the interchangeable Hamiltonian 
of Dirak as an arbitrary value of spin. 


As shown by Dirak [1], the part of the energy operator in a system of interacting electrons, which 
depends on spin, has the form 


fi 


(1) 


A 
where S,is the operator of the spin vector of junction f of the lattice, and /(F',f,) is the interchange- 
able integral. Equation (1) is obtained from the necessity for an antisymmetrical state of the wave 
functions of the electron system in relation to the space and spin co-ordinates of the two electrons. 
It is important to note here that Dirak presented equation (1) especially for s = % (for electrons), and 
its generalization to meet the case of arbitrary spin Dirak’s method will inevitably lead to difficult- 
ies. However, the Hamiltonian is already used in papers (1) to describe systems of particles with an 
arbitrary spin of s > % such as, for instance, might be the uncompensated orbitals of atoms. 

We will consider the limits of application of the Hamiltonian (1) to the collection of atoms which 
form a crystal. 

Let us take the number of electrons forming the open envelope of an atom as z, while between 
them there is a weak Russel-Saunders bond such that the atom as a whole could be given a spin 
number s. The orbital state of these electrons will be given the index A. The Hamiltonian of the 
electron system of the metal in a secondary quantum presentation will have the form 


A 
= ML Gali hi) @ 


If the transitions between the various orbital states of the electrons are disregarded, and also the 
formation of polar states, it could be formulated with the symbols 
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8 
(2) 
3 (3) 


Dirak’s interchangeable Hamiltonian 


so that the Hamiltonian (2) is reduced to 


| 
(fata) #(f2?2) 
in which 


is the integral exchangeable between the two electron states. As orbital transitions are not allowed, 
the spin co-ordinates are single dynamic alternating systems from which it is clear that the Hamilton- 
ian (4) could be expressed through the spin operator. Following Bogolyubov [2], they may be intro- 
duced by means of the following ratios: 


—% +% +a;;, +% Ap, 


(at, +% Afi, —% — Af, ap, 


+ + 
(ap, —% 4p, 4p, 4+» 


Hamiltonian (4) may then be expressed in the form 


H = >> I Shar 
(fit1) fade) 


where U, is an insignificant constant value. 
In order to obtain the Dirak operator (1) from formula (5) it must now be written in the form 


A a 2 
(41732 


and two propositions will be made: 
(1) The integral of exchange between two groups is weakly dependent on the orbital state of 
the electrons, that is 


(2) The exchange force between the electrons inside the atoms is much greater than that 
between different atoms, that is 


Then, on the strength of the second proposition, the operator character of the last term of (6) may 
be ignored and it can be regarded as a constant value and on the strength of the first proposition 


2 
A 
S}, = = 
A 1 
(7) 


Dirak’s interchangeable Hamiltonian 
Hamiltonian (6) may be expressed by the operator for the total spin of the group 
A 
S Xs ne 


Instead of formula (6) we get 


A 
H = Wo— = (ff) Sp, 


(11) 


is a constant value. ‘ied 
In formula (11) the values S;, are classic vectors of spin. Formula (10) correct to the constant 


member, coincides exactly with the Dirak Hamiltonian (1), but from here the approximation character 
of the latter is immediately apparent. The unclosed electron orbital of the atom, consisting of seve- 
ral electrons may be ascribed the total spin s and the Hamiltonian may only be used where it (the 

orbit) is sufficiently compact and, thanks to the internal exchange interaction, behaves as a whole. 

In cases where the electron orbital is “loose”, formula (6) will have to be used, or else the 
more general Hamiltonian (2). 

We observe that we are not discussing the approximation of operator (1) which is connected 
with the non-orthogonal nature of the single-particle electron functions in the crystal, a paper on 
this has been produced by Slater [3]. This feature leads to configurational interaction with the 
polar states. As shown by Bogolyubov [2], a number of single-particle functions in a crystal may 
be made orthogonal, and the energy operator of a system of electrons with a weak addition of polar 
states may be expanded into a series of staged spin operators, in which case the first term of the 
expansion will have exactly the form (1). 

2. Let us see how the character of the electron orbit affects the spin waves. For simplicity 
we will observe the ferromagnetic in which all the z electrons in the atom have the same direction 


of spin, so that their total spin is 


(12) 


(a) The “compact” orbit. Starting from equation (1) we will use the method of Holstein and 
Primakoff [4]: 


S} = Sy = (2s)*b7; —b7 by S# =S} + iS}. 


Then the energy of the weakly-excited state of the system may be presented in the form 


m=), |, 2,..., 


E, = 2s 41 (h)(1—~ — 
h 


3 
(9) 
where 
8 
1959 
on 
(14) 
where 
a5) 


Dirak’s interchangeable Hamiltonian 


of the spin energy of the wave with quasi pulse p. 
(b) The “loose” orbit. Here we must start from equation (5). Instead of (13) we must use the 


transformation (s = 4): 


Sp = = bas Shi bjs Sh. b;, 


Then the Hamiltonian of the system 


Sita fare 
after diagonalization leads to the true value of the energy 


where E/ is determined from the system of linear homogeneous equations 


| (Ag) 


foro (#fity) ho fa 


already presented in paper [5]. 
Thus, instead of one branch of the spin waves we now get z independent branches. As the 


secular equation of the system (18) in its general form is impossible to resolve, we will look at 
some idealized cases, when it is possible to get 


(fyhaf ate) = (hi fe) = 
19 = / 


that is, we actually return to approximation (7). For the energy of elementary excitation we get: 


2h (aya—e™). 


h 


h 


As we are dealing with weak excitation the last branches (z — 1) can be ignored as, in view of 
the value of the exchange integral, greater energy would be required than is excited by them. Now 
only one branch remains which, bearing in mind relation (12), coincides with result (15) for the 


compact orbit, as is to be expected. 
Let us look at yet another curious analogy. If the solution to system (18) in approximation (19) 


is sought in the form (by analogy with the way quasi impulse p was introduced) 


= (21) 


Vol 


19% 


4 
a6) 
an 
8 
(18) 
| 


Dirak’s interchangeable Hamiltonian 


then for the energy of elementary excitations we shall find 


Exe) =2 —z [1° + 2 (9), 
h 


(23) 


Here the value ¢ plays the part of a certain quantum number; the spectrum of ¢ may be deter- 
mined from the condition (by analogy with the quasi impulse) 


Cik +z) =C(d), 


from which it follows that 


|, 2,... @—1). 
z 


l, a=0 
Q, 


It can be seen that, with the values indicated for ¢ one gets all the branches of excitation deter- 


mined by formulae (20). 


Translated by V. Alford 
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ON THE EFFECT OF INTERNAL INTERACTIONS ON THE SECOND MOMENT OF THE 
PARAMAGNETIC RESONANCE CURVE IN THE CASE OF PURE SPIN MAGNETISM * 
U. Kh. KOPVILLEM 
Kazan “V.I. Ul’ianov” State University 
(Received 16 September 1958) 


The second moment of the paramagnetic resonance curve is calculated in magnetically anisotropic 
crystals which contain only magnetically equivalent ions. It is assumed that the basic energy level of 
these ions in the crystalline electric field has a double Kramers degeneration and that only this 
doublet is occupied. The dependence on the direction of the static magnetic field in relation to the 
crystal axis, the temperature, the symmetry of the crystalline electric field, the dipole-dipole, aniso- 
tropic-exchange and superfine interactions is taken into account. It is shown that the coefficients of 
the spin Hamiltonian can be used to study the internal interactions in paramagnetics. The application 
of the formulae obtained is illustrated on the example of the calculation of the width of the para- 
magnetic resonance line in ethylsulphates and double nitrates of rare earth elements with an uneven 
number of 4f electrons. 


195 
I. FORMULATION OF THE PROBLEM 


Many authors [1-7] have calculated the second moment of the absorption curve in magnetically 
isotropical crystals. The formulae obtained in these papers do not, however, take account of the 
anisotropic g factor, the dependence of the nature of the internal interactions on the temperature 
or the effects caused by the difference between the direction of the static magnetic field H, and 
the symmetry axis ¢€ of the crystalline electric field E. In this paper the derived second moment 
< (Av}*> of the paramagnetic resonance curve is calculated under the following conditions: 

(a) the g factor is anisotropic, 

(b) the width of the paramagnetic resonance line is given by the dipole-dipole H,, the anisotro- 

pic exchange H,,, and the hyperfine H,,; interactions; 

(c) the field H, has an arbitrary direction to the symmetry axis of the crystal; 

(d) the spin system consists of N magnetically equivalent ions the basic energy state of which 

in the field E has a double Kramers degeneration, 

(e) the spin temperature 7 is so low that only the basic doublet is occupied; 

(f) the dependence of the nature of the internal interactions on 7 and E is taken into account. 

In our calculations we used the fact that in the case considered by us the magnetic moment 
K, K of the ion & in the direction of the axis ¢ can be written in the form [8] 


k 8 


where g,; are the elements of the g tensor; 0; of the Pauli matrix and 8 the Bohr magneton. The wave 
functions | Wj, } of the unexcited spin system can easily be found by solving the secular equation for 
a certain fictitious operator, the spin Hamiltonian H,, the proper values of which fully describe the 
distribution of the lines in the paramagnetic resonance spectrum. Here it is a valuable circumstance 
that in calculating <(Av)*> with the aid of the proper functions {y,,} of the spin Hamiltonian H, the 
derived second moment of the paramagnetic resonance curve proves to be expressed by the coeffi- 
cients of the spin Hamiltonian which can be measured with great accuracy by the paramagnetic 
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resonance methods. In the past ten years these coefficients have been determined for many sub- 
stances and it has been shown that the number of substances for which the effective spin is 
equal to % is very large. The corresponding data has been published in a number of articles of 
the nature of previews [4-6]. 

Therefore, the formula <(Av*> can serve both to predict the width of the paramagnetic reson- 
ance line and to study the internal interactions in paramagnetics. The latter is of importance for 
selecting substances for paramagnetic amplifiers and microwave generators. 


2. DERIVATION FOR THE FORMULAE FOR THE ZERO AND SECOND MOMENT FOR SINGLE 
PARTICLE AND TWO PARTICLE OPERATORS 


We introduce the following system of rectangular co-ordinates: 

(B) «, 7 and € are the main axes of the g tensor; 

(C) e’, 7’ and &’ are the main axes of the tensor A; 

(D) x, y and z are a system connected with the direction of the static magnetic field HH, by the 

relation H || z; 

(P) a, 5 and c, where c || G; 

(F) a’, 6’ and c’, where c’ || (RG). 

The vector G is directed towards the resulting electron magnetic moment ul of the paramagnetic 
ion in the field H. In the system of co-ordinates B the vector G has the components G¢l,, Qply and 
Gélé, where 1) are the directional cosines of the field H, and G) are the corresponding factors of 
pomeestgic resolution. The vector RG is directed towards the resulting nuclear magnetic moment 
yy of the paramagnetic ion. This direction is determined by the magnetic field created at the point 
of the position of the nucleus by the unpaired electrons of the paramagnetic ion. Using this system 
of co-ordinates and neglecting items of the second order of smallness in the elements A),, of the 
tensor of the hyperfine spin interaction A one can write the Hamiltonian spin system H, which 
satisfies all the conditions (a)-(f) in the form 


H=H,+H,, 


where H, is the non-excited part of the Hamiltonian spin system and H, the excited part. 


=— 8 GH ell 


H, = — Rot 4+ Pl! of ol, 


l 
G =(K G?)*, 


RG — (fa Ay 


(6) 


In formular (3)- (6) Q is an operator which depends only on the spin of the nucleus / and describes 
the interaction of the electric quadrupole moment of the nucleus with the gradient of the electric 
field created by the unpaired electrons of the paramagnetic ion; the upper indices relate to the 
particles, the lower to the co-ordinate axes; products containing the same index twice should be 
added up with respect of these indices and for two particle operators P the inequality j > & should 
be observed. 

Subsequently we shall take the direction c for the axis of the quantization of the magnetic moment 
of the ion, while with the arbitrary direction of the magnetic field H, relative to the crystal axis the 


7 
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proper functions of the non-excited spin system take the form 


N—K, 


=] 


\ 
are the proper functions of the operator 


9 c’ “Uv 


is the number of ions with energy 0; V—K,, the number of ions with energy G 8 Ho. 
To calculate the zero M, and the second M, of the moments of the paramagnetic resonance curve 
the formulae [2] are used: 


M, = exp E,RT) (L, Yo the), (8) 


M, = exp(— E, RT) T (LW LA, Ly ps — 2L,H, Hy + 


(9) 
+L,H,L,H, 


is a certain pair of energy levels of the non-excited spin system between which magnetic dipole 
transitions are possible under the influence of the alternating magnetic field with the frequency 


|E,— E,|\h; i, and 


are operators projecting the functions Wyo! on the sub-spaces ty,,,}, and {,,}; formed by the proper 
functions of the levels E, and E, respectively. Summation with respect to ¢ should be done for all 
pairs of levels for which |E, — E, | = hv. Formulae (8) and (9) take account of the change in the 
nature of the internal interactions only as a result of change in the occupation of the non-excited 
energy levels of the spin system when the temperature changes, which is valid while 


exp{— (+ |H,\+ >/kT} = 1, (10) 


where | + > are the correct wave functions of zero approximation for the basic Kramers doublet of 
the paramagnetic ion; k is the Boltzmann constant. Further it is assumed that 


8 
where 
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Let us examine the case where 
(A) A, a, 


(I) H, lies in the plane 8 y, i.e. 


where 2, 8, yo B,a 4B 47 and H, is the radio-frequency magnetic field. Applying formulae 
(3)- (9) and taking into account 


we obtain for the derived second moment < (Av) > of the paramagnetic resonance curve the following 
expression: 


M, = g2g2,(21 + 1)%, 13) 


<(Av)®) = {2exp (m) (PU? + + PLL + Pils Pan) + 


+ [3 4exp(m) + exp (2n)] Plc? — 2(1+3exp (m)) (Pile Piz + Pee Poo) + 
+ exp (m) (PH? + PLE — Pi Po — Pao)| (1 + 1)R3, 
Z=1+exp(2m), m=—GBA,/RT. 


In (13) we have omitted terms of the form 
(Zh) [exp (m) — exp Pap Pie 


which contain the lattice sums depending on the form of the specimen. Detailed calculations for 
ethylsulphates of rare earth elements show that these terms are negligibly small for specimens in 
the shape of a sphere. This conclusion appears to be valid also for lattices of magnetic ions which 
have a lower symmetry than the lattice of the ethylsulphates. Formula (13) solves the problem of 
calculating the quantities < (Av)?> when the conditions (a) - (J) are fulfilled. 


3. DERIVATION OF THE SPIN HAMILTONIAN FOR TWO-PARTICLE INTERNAL INTERACTION 
(1) The operator of the dipole-dipole interaction has the form 


(14) 


where ri is the radius vector linking the ions / and j. We shall express H,, by the effective spin 
s’= \, for which we substitute (1) in (14). As a result we obtain 


(gi, —3yi, ri* ritiri®| of of. (15) 


For calculations with the aid of formula (15) we use the components of the g tensor 8dy, where the 
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indices y and 5 serve to indicate the axes of co-ordinates of D and P respectively. In a system of 
co-ordinates B the g tensor has only diagonal elements which, according to (5), are determined by 
the relations 


G,=8ip G = (6) 


and, hence, can be measured with great accuracy by paramagnetic resonance methods. To find the 
elements of the g tensor in the systems of co-ordinates P and D one can proceed in the following 
manner. Let dp, p and Op , p be the affinors which transform the points of the co-ordinate axis B 
into the points of the co-ordinate axes P and D respectively. The matrix of the g tensor represented 
in P and D then assumes the form 


Epp = 8 (17) 


where @ is the transposed matrix @. In the case (h, /) the affinor 9 , pdescribes a revolution around 
the axis a through the angle @ and the affinor dp , p a revolution around the same axis through the 
angle ¢, where 


9 


The magnetic moment of the paramagnetic ion / in the direction a has the form 


(18) 


It follows from (17) and (18) that the non-zero elements gpp in the case (h, /) have the form (to be 
specific we assume that a= €): 


19 
= (ge cos?6 + sin?) * G, => G 


(2) Let us express the operator of the isotropic exchange interactions 


3! (20) 


through the effective spin s’= %. For this purpose it is necessary to know the true (and not those 
determined from the spin Hamiltonian) wave functions | + > and | — > of the Kramers doublet. To 
simplify the problem we assume that the field E has the symmetry axis ¢. Let | + > and | — > be 
the correct proper functions of zero approximation, when H, |lec. We introduce the designations 


+) =B8% S++) = 


Using the correct wave functions of zero approximation for the case where H, forms the angle 
6 with ¢€ we obtain 


Hy 06 = [Ja Pua + Jo! Bab + Je! Bec] of Bap, 
Jt! =— J" (B? cos*e + Asin*e), 
(B*sin?9 + A*cus?9)}, 
a = — J’ B?, 
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‘ g 
sin = sind“, cos = cos#— 
G G 


After substituting (21) and (15) in (13) we obtain the following general formula for calculating 
the derived second moment: 


¢ (Av)? ) = (Av)? ) + (AY) ) g-06 + (AY)? > 06 + (Ar)? > sf, 


where the individual items designate the contributions made by the dipole-dipole, dipole-exchange 
and superfine interactions respectively. In form <(Av)*>, agrees with the expression from (13) en- 
closed in curved brackets and, in accordance with (19), contains the summation with respect of the 
lower indices. In the particular case where H,||d and H,||c we have 


( (Av)? > = + K + 


(23) 
+ Bi? D — Bie (Bia + Bes) L}. 


If the field E has the symmetry axis ¢ formula (23 is simplified and we then obtain 
+= ee» A, 


¢ = (exp (m) (x* + 3x2 + 2) + 
+ 0.5exp (2m) + 1,5 x2) 


The remaining items in expression (21) have the form: H,|la, 


(Av)? > = K +? D— + L, 


(AY)? > gob = 4 + K — 
—0,5 [Pee Jal + Jo) + + Ly, 


( (Av)? ) sf = (7 +1) R2, 
A=1+exp(m), K = exp(m), L=1+4 3exp (m), 
D = 1,5 + 2exp (m) + 0,5exp (2m), 


2 23° 


I 
= cos (r”, a). 


ll 
where 
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4. THE DERIVED SECOND MOMENT AND THE WIDTH OF THE PARAMAGNETIC RESONANCE 
CURVE IN ETHYLSULPHATES AND DOUBLE NITRATES OF RARE EARTH ELEMENTS 


Let us examine the nature of the mechanism of widening of the paramagnetic resonance line 
in concentrated ethylsulphate single crystals and double nitrates of rare earth elements which 
have an odd number of 4f electrons. The crystalline field in these substances is unable fully 
to suppress the orbital movement of the deep-lying 4f electrons, and the magnetism of the ions, 
which is caused by these electrons, is not purely a spin magnetism. A number of authors [4-5] has 
shown that in the above mentioned substances the basic energy level of the rare earth ions with an 
odd number of 4f electrons is split up under the influence of the field EF into a Kramers doublet, and 
one can neglect the occupation of all but the basic doublet in the region of helium temperatures. 

If follows from this that in paramagnetic resonance experiments all the conditions (a)-(/) are 
fulfilled in these substances [4, 5, 9-12]. Up to the present, however, measurements of the quantity 
<(Av)?> in magnetically anisotropic crystals have not been made with direct methods [13]. There- 
fore, we are here compelled to confine ourselves to a comparison of <(Av)*> with certain data on the 
width Avy of the paramagnetic resonance line. Such a comparison is possible because, in accord- 
ance with the statements of many authors [9-12], the form of the line in these substances is nearly 


of Gauss type, and, hence, the relation [3] is valid: 


Avy = 2.35 (Av)? ) *. (28) 


Below we give the formulae for the calculation of the width of the line AHy and the derived 
second moment <(A//)*> as functions of the strength of the static magnetic field H,. 


AHy, =2.35 ((AH)?)", (AA)? =A? (gi (Av)?>, (29) 
gp + 1) A? 

< (AH)? = (Za")~' 66,73g* [exp (m) +- 3x? + 2) + 


g. Hole 


+ 0,.5exp(2m)+ 15+ x7], x=g/g,, 


a is the side of the cell. 
(A H)?) Ho y= (18Za") ((508,4 + 1201.x7* — 1194x2) exp (m) + 
+ 514,3[1,5 + 2exp(m) + 0.5exp (2m)] + 
+ (603x~° — 88,01) [1 3exp(m)} g 8. 


> 1.78g', 62 [exp (m) (x* + 3x24 2) + 
+ 0.5exp (2m) + 1.5 + x?]. 


+ 13[1.5+ 2exp(m) 0.5exp (2m)] + (16x~? — 3)[1 + 3exn (m)]}. (33) 


Formulae (29) contain the main values of the tensor of the hyperfine spin interaction along the 
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axis of symmetry (the coefficients A) and in the direction perpendicular to this (the coefficients B), 
while the signs || and_| indicate the direction of the field H, in relation to the axis ¢. Formulae (30) 
and (31)relate to the ethylsulphates of the rare earth elements (ES). The grid lattice sums take into 
account the contribution of over 99 per cent of all neighbours of the paramagnetic ion in the ethyl- 
sulphate lattice. In the calculations it was assumed that the axis 7 is inclined to the side of the 
nearest magnetic ion in the plane 7 ¢ | ¢. formulae (32) and (33) relate to the double nitrates (DH). 


The sum 


for this lattice was obtained directly with the aid of the results of paper [8]. The sums which 
contain the projections r/f on the axes € and 7 were calculated under the assumption that the mag- 
netic lattice of the double nitrates has the symmetry axis ¢ and takes account of the contribution 
from neighbours with an accuracy of 10 per cent. 

Table 1. gives the values for <(AH)? G? and AHyG calculated with the aid of the formulae (29)- 
(33). Here it was assumed that the spin temperature 7= 2.5°K and the wavelength of the radio fre- 
quency magnetic field A = 3.25 cm. We note that independently of the relation <(AH)>, ¢(AH)?>* =k 
the quantity <(AHY 5 is always physically measurable. The quantity A//y = 2.35 
<(AH}>4, 4.5 has a meaning only when k ¢ 1. If k > 1, all components of the hyperfine structure 
are well ie Se and their width depends only on the two-particle and electric interactions. 


TABLE 1. 


<(AH)2> + AH Experimental 
values of 


g <(H)*> sf (g+ sf) 


(Aff)? 


20740 ‘ 700 
1780 - 108 


303 108 
1323 - 102 
249 « {93 
1064 10? 
24 - 104 
1605 » 102 
452 - 108 
3018 - 10? 
1174 - 108 ) 
55140 85440 
8145 


25 140 


20 580 


1157 


511 


3324 10? 
1324 - 10? 
3205 - 10? 
1205 + 102 
495 104 
34 - 106 
<1 390 123 
< 139 - 


MgyM3* (NO,)1 24 HO 
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In the calculations we neglected the exchange interactions since these substances are in 
themselves magnetically dilute and the exchange interactions diminish rapidly with increasing 
distance between the magnetic ions. All parameters of the hyperfine structure and values of the 
g factor are taken from paper [6]. 

The table shows that the width of the paramagnetic resonance line can be explained by dipole- 
dipole interaction only in the ethylsulphates if neodymium and the double nitrate of cerium, which 
is in agreement with the data of paper [8]. In the remaining cases for which experimental values for 
AHy, are known the width of the paramagnetic resonance line is apparently chiefly caused by the 


electric interactions. 
Describing these interactions by the formal Hamiltonian 


(Al of + Ajo, + Ata), 


e= 


we obtain for Mg,Nd, (NO,),2. 24 H,0A¢ = A, = 0.087 cm™ and for Mg;Sm (NO;),2. 24 H,0 A, =0.01lem™ 
(we assume that the parameters AQ change from ion to ion and have a Gauss distribution with the 
centre in point zero). The physical nature of the constant A should be established experimentally. 

We note that if A describes the dispersion of the g factor the width of the paramagnetic resonance 

line should depend on the strength of the field H,. It is also possible that the widening of the line 

is caused partly by super-exchange interactions through the water molecules which surround the 
paramagnetic ions [8]. 

Concerning the dependence of <(Av)*>, on the temperature in crystals where the field E has a 
symmetry axis we note the following. In the temperature region where the Zeeman splitting up of the 
Kramers doublet is of the order of kT the value of AHy,, diminishes noticeably with decreasing 
temperature and the rate of this diminution depends on the ratio &/g i and the direction of 


Bas 


(1) If gj « g\| the diminution of <(AH}>, is always more noticeable in the case of Hye than 


in the case of H, lle. 
(2)1f §, <g, (or 8, the diminution of <(AH)*>, is particularly noticeable for 


the case of (or H, || ©). 

(3) For Ce (C,H;SO,);. 9 H,O, where gj = 0.2 and gj = 3.8, the value of AHy, is for T = » and 
Hy equal to 3280 G, and for T = 0 and H, | ¢ equal to 176 G. 

In conclusion we make the following remarks. 

(1) It follows from (13), (15) and (21) that the field E changes the nature of the course of the 
internal interactions in paramagnetics to a considerable degree, while the symmetry properties of 
the field E are transmitted to <(Av)*> through the coefficients of the spin Hamiltonian. From (19) 
it is clear that if the direction of the field H, does not coincide with the main axes of the g tensor, 
an additional anisotropy of the dynamic properties of paramagnetic single crystals appears which 
is caused by the field Hp. 

(2) Taking account of the Boltzmann factor leads to the exchange interactions making a con- 
tribution to <(Av)> even in the case of real spin % and isotropic g factor. 

(3) It follows from (13) that the quadrupole interaction Q“ does not affect <(Av)*>. This is 
because in the first approximation with respect to the parameters of the hyperfine interactions the 
operator QI shifts all hyperfine energy levels by one and the same distance and hence, does not 
change the frequency of the transitions between these levels. 

4) <(Av}, ¢ does not depend on the temperature. This is because we assumed H, f~ Hg and 
because formula (13) contains the inaccuracy (10). 

(5) If in (23) we substitute T =o and ggg = const. the well known formula (11) is obtained which 
is given in paper [3] and the contributions (25) and (26) from the exchange interactions vanish, which 
is also in agreement with the results obtained earlier [3]. 

I express my gratitude to Professor S.A. Al’tshuler for suggesting this subject and for giving his 


attention to this work. 


Translated by B. Ruhemann 
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THE CHANGE IN THE INTERNAL ENERGY, THE THERMOELECTRIC FORCE AND THE 
SPECIFIC ELECTRIC RESISTANCE IN THE PLASTIC DEFORMATION OF METALS * 
V.N. KUNIN 
Cheliabinsk Institute for the Mechanization and Electrification of Agriculture 
(Received 23 February 1958) 


Describes the results of measurements of the induced thermoelectric force and the changes in the 
specific electric resistance of silver and copper in plastic extension from 2 per cent to fracture. The 
changes in the electric properties of the metal are compared with the amount of the absorbed energy. 


The amount of energy absorbed in the plastic 
deformation of a metal is a measure of its deviation 
from the state of equilibrium. Therefore it is quite 
natural to suppose that the changes in the proper- 
ties of a metal in the process of plastic deformation 
will in one way or another be connected with this 
amount. 

The number of papers concerned with this question 
is very limited. Kunin [1] has found that for copper 
the change in the absolute thermoelectric force is 
directly proportional to the amount of energy 
absorbed by the metal. True, the data from which 
this dependence was derived was obtained by vari- 
ous researchers at different times and on different 
specimens. Khotkevich, Chaikovskii and Zashkvara 
[2] have found that the increase in the specific 
electric resistance for cadmium and lead deformed 
at low temperatures increases linearily with in- 
crease of the latent energy of deformation. 

In the present paper are described the results of 
parallel measurements of the absorbed energy, the 
induced thermoelectric force and the changes in the 
“specific resistance in the process ofplastic deform- 
ation. Experiments were made with one and the same 
series of specimens of electric copper wire and 
chemically pure silver deformed under identical 
conditions. Hence, the results of the experiments 
can be compared with complete reliance on the 
comparison. 


METHOD OF MEASUREMENT AND THE 
RESULTS OBTAINED 


(a) The induced thermoelectric force. The method 
for measuring the absorbed energy has already been 
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described in paper [3], therefore, we shall only 
described the method for measuring the thermo- 
electric force and the specific electric resistance. 

The initial length of the specimens was 100 mm. 
The initial diameter of the copper specimens was 
d, = 1.314 mm and of the silver specimens 
d, = 1.409 mm. The extension was effected in a 
series of stages in the same machine [4] and at the 
same rate as in the experiments for measuring the 
absorbed energy. The form of the specimens is 
shown in Fig. 1. The specimen consists of a de- 
formed arm A and an undeformed arm B. In this way 
the thermoelectric force of the deformed metal was 
measured in relation to the same, but undeformed 
metal. Vessel J contained kerosene, vessel 2 a 
mixture of melting ice with water. The thermo- 
electric force was measured with a mirror galvano- 
meter of M-25 type. A variable voltage controlled by 
the voltmeter V could be applied to the specimen 
circuit. This voltage could be used to calibrate the 
galvanometer or to compensate for the thermo- 
electric force to be measured. The thermoelectric 
force was measured by two methods: (1) from the 
angle through which the mirror of the galvanometer 
was turned; (2) by the compression method. 

The sensitivity of the arrangement for measure- 
ments by the first method was y, = 0.0218 mV/mm 
of the galvanometer scale, by the second method 
¥2 = 0.00666 mV/mm of the voltmeter scale. The 
values of the thermoelectric force obtained by these 
methods agreed well. The method of measurement 
was similar to the method used in paper [5]. 

From the data of the experiments the dependence 
shown in Fig. 2 between the amount of the energy 
absorbed by silver in the process of extension and 
the induced thermoelectric force was plotted. The 
figure shows that the induced thermoelectric force 
is directly proportional to the absorbed energy. 
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FIG. 1. Schematic drawing of the arrangement for 
measuring the induced thermoelectric force. 


A similar result was obtained for copper also. 
The slopes of the straight line proved to be the 
same: for silver tan a = 0.41 mV. g/cal degree, for 
copper tan a, = 0.086 mV . g/cal degree. 

Thus, both for silver and for copper the change in 
the absolute thermoelectric force during the process 
of plastic deformation is directly proportional to the 
amount of the absorbed energy. 

(b) Change in the specific electric resistance. 
One can assume with sufficient accuracy that during 
the annealing of a cold worked specimen its length 
does not change. Hence, the volume of the speci- 
men in the process of plastic deformation may also 
be assumed constant. 

Assuming also that during the extension the spe- 
cimen remains a true cylinder, i.e. that the deform- 
ation occurs uniformly over the whole length of 
the specimen, one can easily obtain an expression 
for the relative increase in the specific electric 
resistance during extension 


= 


Pe Rg \l +e 

where R, is the resistance of the annealed speci- 
men; R, is the resistance of the cold hardened spe- 
cimen; ¢€ the relative deformation = Al/I,). 

The change p in the process of extension occurs 
to the extent of the order of one per cent of the 
initial value. Therefore it is necessary to measure 
all the quantities which enter into the formula with 
great accuracy (the resistance, the initial length 
and the elongation of the specimen). 

The initial length of the specimen was measured 
from the distance between the clamps of the machine 
with an accuracy of up to 0.05 mn, the elongation 
of the specimen Al from the number of revolutions 
of the power screw of the machine (taking into 
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FIG. 2. Dependence of the induced thermoelectric force in 
mV/degree on the amount of absorbed energy for silver. 


account the pitch of the thread) with an accuracy of 
0.01 mm. The resistance of the specimens was of 
the order of 0.001 ©. In order to exclude the effect 
of the resistance of the lead wires the resistance 
was -measured with the aid of a double bridge. The 
scheme of the measurements is shown in Fig. 3. 

The resistance of the specimens was measured 
directly in the clamps J and 2 of the machine. The 
standard resistance R,, was a wire from the same 
lot of metal from which the specimens were made. 
Since the standard resistance was in the immediate 
neighbourhood of the specimen their temperatures 
were the same, hence there was no need for temper- 
ature corrections. The working current was taken 
from the accumulator 3 and measured by the ammeter 
4. With the aid of the rheostat 5 the necessary 
strength of the working current was maintained. The 
resistances in the measurement circuit were always 
the same in pairs: R, = R, and R, = R,. Then the 
resistance of the specimen can be found from the 
formula 


R Ro 
Rspec= => Rst— 
3 R, 


The drop in voltage along the specimen was 
taken off with the aid of two thin copper wires 
soldered directly to the part of the specimen which 
was to be elongated. In this way the drop in voltage 
is not affected by the resistance of current conduct- 
ing contacts. A mirror galvanometer of M-21 type 
was used as zero galvanometer. The galvanometer 
could be shunted with the switch K. To exclude the 
effect of parasitic thermoelectric forces the resist- 
ance was measured for both directions of the cur- 
rent and the arithmetic mean of the two measure- 
ments was taken. The direction of the working 
current was changed with the reversing switch P. 
The resistance was measured with an accuracy to 
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FIG. 3. Schematic drawing of the arrangement for 
measuring the specific electric resistance during 
deformation. 


the fourth figure. 

The relationship between the amount of energy 
absorbed and the relative increase in the specific 
resistance of silver during plastic deformation was 
plotted from the results of the measurements. Fig. 


4 shows that the change in the specific resistance 
in the process of plastic deformation is directly 
proportional to the amount of energy absorbed. A 
similar dependence was obtained for copper also. 
The coefficient proved to be constant: for copper 


O18 
Qabs.cal/g 


FIG. 4. Dependence between the amount of energy 
absorbed and the relative increase in the 
specific electric resistance of silver. 


it was 9.5 x 10°° 2 cm g/cal, for silver 18 x 
10* 2 cm g/cal. It goes without saying that the 
resistance induced by the deformation and the 


thermoelectric force, being each directly proportion- 


al to the absorbed energy, are directly proportional 
to each other. This result had already been obtain- 
ed by us in paper [6]. 


Translated by B. Ruhemann 
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THE THERMOELECTRIC PROPERTIES OF THE ALLOYS Sn-Cd AND Pb-Cd* 
-V.A. YURKOV and V.V. NEKRASOV 
Archangelsk Institute of Wood Technology 
(Received 3 March 1958) 


A great deal of research has been devoted to the 
thermoelectric properties of alloys, a subject of 
great scientific and practical significance. An ex- 
ample of one of the important applications of the 
data concerning the thermoelectric properties of 
alloys is the development of thermoelectric genera- 
tors and refrigerators under the general direction of 
Academician loffe. In this case it was the material 
concerning the thermo-electromotive force which 
was of the greatest significance. 

Sometimes however, it is necessary in practice 
to make use of material which gives no significant 
thermo-e.m.f. in couple with the metal in question. 
In the solution of this type of problem, curves of 
thermo - e.m.f. vs composition of the alloy can be 
particularly useful. it is not unusual [1-3] to observe 
points of inversion of the sign of the thermo-e.m.f. 
on such curves. In this case, obviously, the thermo- 
e.m.f. of the couple alloy — metal will be equal to 
zero. This fact makes it desirable to examine sys- 
tems in which there is a point of inversion of the 
thermo-e.m.f. sign on the the thermo-e.m.f. compo- 
sition curve. Such investigations would also serve 
the purpose of widening our knowledge of the form of 
thermo-e.m.f. composition curves. For instance, 
it is believed that in the thermo-e.m.f. composi- 
tion curves for eutectic systems [4], the latter 
should have the form of a straight line. Researches 
have, however, revealed such a large number of 
exceptions as to make it impossible to speak of 
this in terms of a rule. ; 

This paper is written with the object of clarifying 
the form of the curve thermo-e.m.f. composition 
for the alloys Sn-Cd and Ph-Cd and of explaining 
how this may be influenced by the conditions of the 
test. Particular attention will be paid to describing 
the conditions under which inversion of the thermo — 
e.m.f. sign is possible. 

Metallographically, the systems Sn-Cd and Pb-Cd 
have already been given sufficient detailed invest- 
igation [5]. They are eutectic with limited solubility 
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of the components. The electric properties of these 
alloys have been given insufficient attention. In 
particular, the relation between thermo-e.m.f. and 
the difference in temperature of the hot and cold 
contacts has not been explained. 


METHOD OF CONDUCTING THE 
EXPERIMENT 


Samples of the alloys were prepared by fusing 
weighed portions of the components in hard glass 
ampoules evacuated to a pressure in the region of 
10° mm Hg [3]. The components used were Pb and 
Sn mark (xr) and standard laboratory samples of Cd. 
Two or three samples of exactly the same composi- 
tion were used for measuring, in the form of cylin- 
ders 5-6 mm across and 50-60 mm lon g. 

The samples were not given any special anneal- 
ing before measurement as metallographic analysis 
had shown that they were sufficiently homogene- 
ous and there was no segregation. All the alloys 
investigated were two-phase systems. 

For the measurements of thermo-e.m.f. the 
samples were compressed between two copper 
blocks, the temperature of one which was maintain- 
ed at around 12 + 2° by a special circulating device. 
The temperature of the other block varied between 
15 and 160°. The temperatures of the blocks were 
measured by means of copper-constantan thermo- 
couples, the junctions of which were placed in 
special holes in the base of the blocks. The thermo— 
e.m.f. of the samples was measured by the usual 
compensation method. The sensitivity of the appa- 
ratus was good enough for the difference in poten- 
tials of 3 to 4 nV to be fixed with complete relia- 
bility. 

From considerations of the accuracy of tempera- 
ture measurement and difference of potentials, the 
writers limited themselves to the measurement of 
thermo-e.m.f., starting with a temperature dif- 
ference At = 20 to 25°. The course of the thermo- 
e.m.f. composition curves in the range At < 20° 
therefore remains unclarified. This is no obstacle 
to the determination of the position of the point of 
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7—Sn+60% Cd; 8—Sn~+70% Cd; 9—sn+80% 
Cd; 10—Sn+90% Cd; 77 —Cd 


FIG. 1. The relation between the thermo-e.m.f. of 
Sn-Cd alloys andthe temperature difference of the hot 
and cold contacts. 


inversion on the concentration axis, of the thermo — 
e.m.f. sign. It seems from the general character- 
istics of changes in the thermo-e.m.f. of alloys in 
the field of small temperature differences, that this 
question is of special interest and could well be the 
subject of special research. We note that for semi- 
conductors the coefficient of thermo-e.m.f.does 

not, apparently, depend on the difference in temper- 
ature [6]. This cannot be regarded as proven for 
metal conductors. 


RESULTS AND EVALUATION 


1. Alloys Sn-Cd. The relation between thermo — 
e.m.f. (c) and temperature difference was investi- 
gated for a set of 9 samples which contained 10, 
20, 30, 40, 50, 60, 70, 80 and 90 per cent Cd. The 
results of the measurement of the thermo-e.m.f. 
of the Sn-Cd alloys at various values of At are set 
out in Fig. 1. The end curves are for pure Sn and 
Cd. The thermo-e.m.f values were considered 
to be positive if, in the outer circuit current flowed 
from the hot to the cold contact. 

For pure Sn the relation « = f (At) appeared to be 
linear in the range of At variation from 20 to 140°. 
The coefficient of thermo-e.m.f. a= Ae/At was 
equal to 2.97 pV /degree, which is reasonably close 
to the alloying data [7]. Subsequent increases of 
the Cd in the Sn led to reduction in the value of the 
thermore.m.f. and in clearly evident loss of 
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FIG. 2. Relation between thermo-e.m.f. of Sn-Cd 
alloys and their composition at various 
temperature differences. 


linearity of the function « = f (At). 

The curvature of the curves increased with in- 
creasing Cd content. The relation between ¢ and 
At for pure cadmium was clearly non-linear. In the 
temperature range under investigation therefore, the 
coefficient of thermo-e.m.f. cannot be regarded as 
a constant value. For alloys containing 50 % Cd 
the thermo-e.m.f. in the range 60° < At < 150° 
hardly moved with variation of At. 

The relation ¢/At for alloys containing 60 per 
cent Cd is particularly interesting. For this alloy 
the curve « = f (At) has a clearly visible maximum 
at which, in the range of Aé variations from 110 to 
130° inversion of the thermo-e.m.f. sign was 
observed. At At < 110° current in the outer circuit 
flowed from the hot to the cold contact; at Atr<130° 
current in the outer circuit flowed in the opposite 
direction. 

To explain the relation between the shape of the 
thermo-e.m.f. (composition curve and A¢ from the 
data in Fig. 1 €) composition curves were drawn 
for various values of Az (Fig. 2). The relation 
between ¢ and composition was shown to be practic- 
ally linear, while the inversion of the thermo- 
e.m.f. sign was observed at various percentages of 
cadmium. When the difference in temperature was 
increased the point of inversion shifted in the dir- 
ection of less content of Cd. At all values of 
At < 130° all the straight lines intersected at the 
same point, appropriate for the alloy containing 
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4—Pb+450% Cd; 5~Pb+80% Cd; 6 —Cd. 


FIG. 3. Relation between thermore.m.f. of Pb-Cd 
alloys and the temperature difference of the hot 
and cold contacts. 


55 per cent Cd. As will be seen from Fig. 3, the 

thermo-e.m.f. of this alloy should not be depend- 
ant on temperature difference. The eutectic alloy 
does not differ, as regards thermoelectric proper- 
ties, from the hypo- and hypereutectic alloys. 

2. Alloys Pb-Cd. In its electrical properties lead 
has many similarities with tin. In particular, the 
thermore.m.f. of the couple Sn-Pb is practically 
zero. From this it is to be expected that one would 
observe inversion of the thermo-e.m.f. sign with 
a cadmium concentration of 40 to 60 per cent. For 
this reason only four alloys were prepared, contain- 
ing 20, 30, 50 and 80 per cent Cd. 

The results of the examination of the relation 
between ¢ and At for these alloys are set out in 
Fig. 3. For lead the relation between ¢ and At, 
within the limits of error for the experiment is, of 
a linear nature. The coefficient of thermo-e.m.f. 
was equal to about 2.45 »V/deg, which was some- 
what lower than that given in published sources 
[7]. Additions of cadmium to the lead caused de- 
parture from the linear relationship between ¢ and 
At, which increased with increasing Cd concent- 
ration. It is clear from a comparison of the family 
of curves (Figs. 1 and 3) that additions of cadmium 
change the thermoelectric properties of lead rather 
more sharply than they do the properties of tin. 

It must also be noted that the ¢ = f (At) curves 
for some Pb-Cd alloys do not converge towards the 
beginning of the co-ordinates. This could be re- 
garded as an indication that, in the range of low 
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Fig. 4. Relation between thermore.m.f. of PbeCd 
alloys and their composition at various 
temperature differences. 


values for A¢ the relation ¢ = f (At) is of a some- 
what different nature than for the values At<20- 
25°. 

From the data in Fig. 3 the values of ¢ were cal- 
culated for alloys of varying composition at values: 
40, 60, 80, 100, 120, and 140°. The results are set 
out in Fig. 4. It is easy to see that in this case the, 
curves are of a more complex form and are very dif- 
ferent from those in Fig. 2. They have this in com- 
mon however, that the cadmium content influences 
the position of the point of inversion of the thermo - 
e.m.f. sign on the concentration axis. The greater 
the cadmium content, the smaller the temperature 
difference at which the inversion is observed. All 
the curves intersect at more or less the same point, 
that at which the cadmium content is 30 per cent. 
The thermo-e.m.f. of this alloy in relation to 
copper should riot be dependent on temperature dif- 
ference in the range of variations of the latter from 


25 to 140°. 


CONCLUSIONS 


1. The relation ¢ = f (At) is linear for Pb and 
Sn and, but non-linear for Cd. 

2. Additions of cadmium change the thermo- 
electric properties of lead more sharply than they 
do the properties of tin. 

3. In the systems examined, inversion of the 
thermo-e.m.f. sign occurred both with change in 
composition of the alloy and with change in the 
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inversion moves into the field of low cadmium 


temperature differen ce. The position of the point 
content. 


of inversion on the concentration axis for Cd 


changes with alteration of the temperature differ- 
ence. If concentration is increased the point of Translated by V. Alford 
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INVESTIGATIONS INTO THE DEFECTOSCOPY OF RAILWAY RAILS IN MOVING 
MAGNETIC FIELDS 


17. A STUDY OF THE CURRENTS IN RAILS ON EXCITATION BY A TRANSVERSE FIELD* 
V.V. VLASOV 
Institute of the Physics of Metals 


It has already been demonstrated that when rails 
are magnetized longitudinally by a moving U-shap- 
ed electromagnet supplied by d.c., the resulting 
currents are not entirely suitably orientated for 
discovering the most dangerous transverse cracks 
in the head of the rail. In particular, the angle of 
incidence between the current and the defect is 
very small. For the satisfactory detection of intern- 
al transverse cracks in rails the angle of incidence 
between the current and the defects should be 90° 
or thereabouts. This could only occur if the current 
were to flow straight along the head of the rail. In 
principle it is possible to obtain current flowing in 
this direction if the rail is magnetized by a moving 
permanent magnetic field directed across the rail. 

Polivanov [2] has studied the currents in rails 
with magnetization in a transverse field at fairly 
slow speeds and Sycheva [3] has examined the 
currents in cylindrical bodies with magnetization at 
high speeds in a relative weak transverse field [3, 
4]. It seems that it would now be interesting to 
study the currents in rails with relatively powerful 
transverse magnetic fields moving at relatively 
high speeds. With no pretensions to a solution of 
the whole problem, we are going to restrict our- 
selves to consideration of a general nature regard- 
ing the equipment for transverse magnetization of 
rails, description of its design and an approximate 
estimate of the current density in one particular 
case. 


CHOICE OF DESIGN FOR THE MAGNETIZING 
EQUIPMENT 


To get current flowing along the head of a rail the 


best thing is an electromagnet with pole pieces 
arranged on either side of the neck of the rail and 


as near as possible to it. However, this type of 
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construction cannot be used owing to the rail fast- 
enings, turnouts and guide rails. For this reason 
the most acceptable design for practical use might 
be an electromagnetic equipment above the rail and 
as near to it as possible. 

It is well known that U-shaped and rod electro- 
magnets create a non-homogeneous field. While the 
external field, according to the differential equa- 
tion for current density [5], should have a gradient 
only in the direction of the movement, according to 
the height of the rail its gradient should, for rea- 
sons which are fully understandable be reduced to 
a minimum. It is therefore desirable to have a field 
which has a fairly considerable gradient along the 
rail. In this context we made a study, by means of 
models, of the field of electromagnets with various 
configurations of the cores, in which the coeffici- 
ent of geometrical similarity, equal to the ratio of 
the corresponding linear dimensions of the original 
to the model, was taken as 3.5. The purpose of the 
study was to establish at what geometry of the elec- 
tromagnet cores the ratio of the field at the points 
corresponding to the head and sole of the rail would 
be near to one. The field of the electromagnet was 
measured in the sectors which correspond to the 
head and sole of the rail model without the latter 
being in the role of a magnetized object. 

As we are not describing all the investigations 
we will make the following observations. For 
U-shaped and rod electromagnets the ratio shown 
was around 4, while the lowest value, 1.6 was 
established for the electromagnet whose design is 
shown in Fig. 1. The core of the electromagnet for 
magnetizing the model of the rail was wide (120mm) 
but comparatively thin (1 cm) and had the curved 
form of a pole piece. 

Further, the field created by the electromagnet 
along the axis X of the perpendicular surface of the 
diagram shown, was measured without a model of the 
rail. The results of the measurement are given in 
Fig. 2. where the field is plotted along the ordinate 
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Currents in rails on excitation 


FIG. 1. Diagram of electromagnet and its arrangement 
relative to the rail. 


VA 
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FIG. 3. Relation between electromagnetic field H in the 
points corres ating to the surface of the head z, and 
ale z, at 0, and the magnetizing ampere turns. 
Dotted line represents the field in the middle of the rail 
k is the coefficient of geometrical similarity, w is the 
number of turns, / is the strength of the current in the 
model experiments. 


axis and co-ordinate X along the axis of the 
abscissa, that is, the distance from the core of the 
electromagnet along the rail. Here and elsewhere 
the graphic material presented is applicable to the 
magnetization of rails in conditions simulated by 
model experiments. Consequently the point which 
corresponds to the surface of the rail has z, =7cm 
and the point corresponding to the sole, z,= 21cm. 
It will be seen from Fig. 2 that the fields in the 
points corresponding to the head and the sole of the 
rails are, at one and the same value for the magnet- 
izing ampere turns, fairly strongly differentiated 
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FIG. 2. Relation between the field of electromagnet H 

for the points corresponding to the surface of the head 

z, and the sole z, and co-ordinate X along the rail for 

m.m.f: 1,-11; 3, 4-7 and 5, 6-4 thousand ampere 

turns. The uneven curves are those for the surface of 
the head and the even ones, for the sole. 


FIG. 4. a — diagram of external fields: 
b — diagram of eddy currents in duced 
in the rails on movement of the 
field. 


from each other at low X values with increase in X 
the difference between them diminishes. 

The field in the points corresponding to the sur- 
face of the head and the sole of the rail is shown 
in Fig. 3 for X = 0, in relation to the magnetizing 
ampere turns. It can be seen from this illustration 
that the field of the electromagnet grows with in- 
crease in the magnetizing ampere turns, and also 
the distance between the fields in these two points 
is increased. {f the m.m.f. in 25,000 ampere turns is 
taken and the co-ordinates of the axes in Fig. 3 are 
appropriately lengthened, by using extrapolation of 
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Currents in rails on excitation 


the dotted curve we find that the field in the centre 
of the rail is equal to 100 A/cm. 

To get the best distribution of currents along the 
rail it is obviously necessary to arrange two elec- 
tromagnets above it in such a way that they have 
poles of counter-polarity from one side of the rail. 
The resulting field will be as shown in Fig. 4a. 
eddy currents should arise in the process of move- 
ment of this field in the rail. They are shown sche- 
matically in Fig. 4b in the form of closed lines with 
arrows indicating their direction. The primary (Fig. 
4a) and secondary (Fig. 4b) are represented by 
circles with crosses or dots indicating the direction 
of the field in the normal way, to the surface of the 
drawing. 

Fig. 4 shows that the longitudinal component of 
the current reaches maximum at approximately mid- 
distance between the diametrically opposed maxima 
of the primary field, that is, between the electro- 
magnets. F'rom this illustation it will also be seen 
that the longitudinal component of the current in the 
head of the rail between the electromagnets has, as 
is to be expected, a direction counter to the current 
beyond this area. 


THE CURRENT DENSITY TO BE EXPECTED 
IN THE HEAD OF THE RAIL 


We will give an approximate estimate of the 
density of the eddy currents set up in the rails by 
the moving transverse magnetic field which created 
in the manner described above, by a system of two 
electromagnets. It must be noted that these currents 
are described as inconclusive in the general case, 
by the integro-differential equation [5]. Therefore, 
with no claims of rigidity, we make and estimate of 
the density of the eddy currents by the following 
elementary method. For simplicity we will take 
instead of the complex shape of the rail, a plate 
with the same magnetic properties and electric con- 
ductivity. The geometrical dimensions of the plate 
are, in width and thickness, in correspondence with 
the height of the rail and thickness of its neck. In 
other words, we are going to ignore the effects which 
are introduced into the density of the eddy currents 
by the projecting portions of the rail, the head and 
sole. 

We will suppose that the magnetic field is depend- 
ent only on co-ordinate X which coincides with the 
longitudinal axis of the plate, andis in no way 
dependent on the co-ordinates in the direction of 
which the width and thickness of the plate are as- 
signed, that is H = H (x). When this field moves in 
the direction X, in the two points diametrically 
opposed to each other across the width of the plate 
there appears an electromotive force 


e=vAB, 


where e is the e.m.f.; v is the rate of relative move- 
ment; h is the width of the plate and B is the mag- 
netic induction. 

Ignoring the reduction in the field caused by the 
eddy currents (which leads to some increase in the 
estimate of them) it is possible for induction B in 
the plate, to write the following equation: 


B= Po*H, 


where H is the external field and p, and p* are the 
magnetic permeability appropriate for a vacuum and 
a body in which the latter is determined by the 
relation [6] 


1+ N(p—1) 


where yp is the relative magnetic permeability of the 
material of the body and N is the demagnetization 
factor. 

For plates magnetized by a transverse field 
N = 1. In this case the permeability of the body 
= 1 and B = Coasequently 


e = p,vhH., 


Differentiating this equation according to X, that 
is, the co-ordinate in the direction of movement, and 
substituting the derivatives of the final increments, 
we get 


Ignoring surface effect it is possible for Ae/Ax 
to write 


where p is the specific electric resistance and 5 


the current density. 
Thus we get, for current density, the following 
relation 


p Ax 


When rails are magnetized by electromagnets as 
shown in Fig. 1, the magnetic field with m.m.f. in 
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25,000 ampere turns amounts to 100 A/cm. Allow- 
ing that two electromagnets are used, arranged at 
a distance of 100 cm from one another, then the 
system shown in Fig. 4 is acceptable as regards 
creation of the field. In these conditions the grad- 
ient of the field amounts to 2 A/cm?. 

Inserting this value for the gradient into the last 
equation, and also pip = 12.26 x 10 in sec/A.cm, 
v = 1.25 cm/sec (45 km/hr), A = 14 cm (height of 
rails) and p = 0.21 x 10~* Q.cm, we find that the 
density of the current in the rail should be around 
20 A/cm?. 


ESTIMATION OF CURRENT DENSITY FROM 
EXPERIMENTAL RESULTS 


For the estimate of current density the voltage 
of the electric field was measured on the surface 
of the head of the rail model, moving in a transverse 
magnetic field. For this purpose, the apparatus 
already described was used for modelling electro- 
magnetic phenomena in rails on magnetization of 
their moving field sources [7-9]. Two electromag- 
nets of the type shown in Fig. 1 were used and on 
one side of the rail model the electromagnets had 
poles of counterpolarity. A diagram of the trans- 
verse field arising in the rail model is shown in 
Fig. 4a. The distance between the electromagnets 
along the rail model amounted to 16 cm, while in 
theory they ought to have been about 28.5 cm apart. 
The experiments were conducted with a m.m.f. of 
around 6600 ampere turns, which corresponds to 
23,000 ampere turns for the magnetization of rails 
in similar circumstances. The speed of movement 
of the model was 840 rev/min which corresponds to 
45 km/hr for rails. 

The results were as follows. The difference in 
the potential on the surface of the rail model along 
the centre line between the two electromagnets was 
15 mV for a length of 10 cm. Consequently, the 
voltage of the electric field E = 1.5 x 10* V/cm. 

As we measured the voltage of the electric field 
in the direction of the speed of movement, for the 
density of current in the rails according to the data 
from the model, we get [5] 


] 
1 ko 


where 6, is the current density, & is the coefficient 
of geometrical similarity, p is the specific electric 
resistance and E is the voltage of the electrical 
field on the model. 

Inserting in this equation k = 3.5, p = 0.21 x 
20~ Q.cm and E = 1.5 x 10“ V/cm, we find that the 


density of current in the head of the rail on trans- 
verse magnetization by the arrangements outlined, 
amounts to around 10 A/cm?, which is the same 
value as that obtained by the analytical method 
described above. Therefore, the current density in 
rails which have been magnetized transversally by 
this equipment is, speaking generally, not very 
great. However, it might be increased a little by 
increasing the value of the external magnetizing 
ampere turns. By the same token, if, for example, 
100,000 ampere turns are used instead of the 23 
indicated above, it should be possible to achieve a 
current density in the rails of up to 40-50 A/cm? 
at a speed of movement of the source of magnetic 
field in the regions of 45 to 90 km/hr. 


CONCLUSIONS 


An apparatus is described for the induction of 
eddy currents in rails by means of a transverse 
magnetic pole. By means of a model the static mag- 
netic field is examined, which is created by the 
inductor in the absence of movement. An approximate 
estimate of the density of the current is given, which 
is induced in the rails when the inductor is moved 
along them. The values for current density obtained 
analytically are confirmed by experiment using a 
model. The possibility of increasing the density of 
the current in the rails has been demonstrated for 
the case of transverse magnetization, by increas- 
ing the external magnetizing ampere turns. 


Translated by V. Alford 
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THE MECHANISMS INVOLVED IN THE SOLUTION AND SHIFTING OF CARBON IN FERRITE * 
L.S. LIVShITs 
(Received 13 March 1958) 


Observation of the processes of reaction diffusion of carbon in welds has shown that their 
mechanisms are determined by the change in concentration of the carbon in the ferrite on alteration 


of the carbide-forming elements. 


The fact that it is possible to have a variable content of carbon in the ferrite with local changes 
in the concentration of the atoms of the carbide-forming elements, should also have some effect on the 
processes of coagulation of carbides on tempering and the transfer from the less stable types of carbide 
to the more stable ones with a higher content of the alloying elements. 


As a form of reaction diffusion, carbon displace- 
ment in steels at temperatures below A,, is asso- 
ciated with either the breakup or the formation of 
chemical compounds between the carbon atoms and 
those of the iron or of any carbide forming elements 
present. The rate of diffusion of carbon when alloy- 
ed with various different elements differs consider- 
ably [1]. It has also been observed that alloying 
has some influence on the extent to which the car- 
bon is soluble in ferrite [2]. The introduction of 
carbide forming elements increases the solubility 
of carbon in a-iron and, for example, the presence in 
steel of a carbide-forming element such as vana- 
dium, will lead to concentration of carbon in the 
ferrite of not less than 0.11 per cent, even after 
prolonged heating at 700° [2]. 

From the observations we have pursued of one of 
the instances of diffusion of carbon in a-iron, it is 
possible to say that the solubility of carbon in fer- 
rite and the rate of diffusion do not depend only on 
the qualitative difference in alloying. In alloys with 
one or other of the carbide-forming elements, their 
values are connected with the concentration of the 
latter. Thus the level of solubility of carbon in 
alloyed ferrite also in most cases determines the 
possibility of the appearance of a reaction diffus- 
ion of carbon in the a@-iron. 

The basis for this point of view, as derived from 
trial and experiment, is set out below. 

It has been noticed that in welded joints in which 
the seam and the addition metal had different con- 
tent of carbide-forming elements, when there is 
prolonged heating in the range 500-700" a transfer 
of the carbon occurs in the direction of the element 
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which produces the more stable carbides [3, 4]. In 
the zone of fusion of the seam with the basic metal, 
areas of distinct carburization form where there is 
an element which in the system in question, pro- 
duces a more stable carbide, and of distinct decar- 


burization in those parts where there are elements 
which will produce the less stable carbide (Fig. 1). 

In the example given in Fig. 1 of welding a chro- 
mium steel, the presence of molybdenum in the seam 
has led, on ten-hours heating at 700° to a transfer 
of the carbon from the steel to the seam. 

Experiment has shown that it is not always the 
presence in one part of the welded joint of an ele- 
ment yielding more stable carbides which leads to 
the transfer of carbon. This might also be due to the 
presence of such an element in another part of the 
weld. It appears that, for the transfer of carbon from 
one part of a weld to another, one of the parts (the 
seam or the basic steel) should contain free atoms 
of the element which produces stable carbides. By 
“free” we mean atoms of the carbide-forming ele- 
ment in question which are free to form carbides 
with a content of carbon increased above that of 
the basic metal. 

To explain this, let us look at a very simple case 
where a,seam containing vanadium is made on a 
carbon steel. Welded test pieces were subjected to 
prolonged heating at 700° (10 and 100 hr). In these 
conditions the existence in the main of carbide of 
iron type VC [2] may be considered highly probable. 

Two types of seam were made on a carbon steel 
with 0.15 per cent carbon, one with 0.4 and one with 
0.9 per cent V. In the first type of seam, after pro- 
longed heating at 700° no signs whatsoever appear- 
ed of a transfer of carbon from the welded steel into 
the seam (Fig. 2); in the second case there was an 
appreciable shift of carbon from the basic metal 


27 
JOL. 
8 
1959 | 


Shifting of carbon in ferrite 


FIG. 1. Fusion sector between steel containing 0.12% C, 
1.3% Cr, and the welded seam containing 0.13% C and 
1.5% Mo, after heating at 700° for 10 hr; x 200. 


FIG. 2. Fusion sector between carbon steel (0.15% C) 
and a welded seam containing 0.15% C and 0.4% V, 
after heating at 700° for 100 hr; x 100. 


FIG. 3. Fusion sector between carbon steel (0.15% C) and a 
welded seam containing 0.15% C and 0.9% V, after heating 
at 700° for 10 hr; x 100. 


into the weld and the formation of a distinct struct- 
ural heterogeneity on fusion (Fig. 3). The same 
transfer of carbon was also observed in some other 
tests in which a seam with a high vanadium con- 
tent was produced on chromium and molybdenum 
steel. 

In producing a seam with 0.15% carbon (0.69 at.%) 
and 0.4% vanadium (0.44 at.%), the vanadium was 
insufficient to combine with the carbon in the metal 
and form carbide VC. There was an excess of car- 
bon atoms in the seam (0.25 at.%) which thus pre- 
cluded the necessity (or possibility) of admitting 
from without (from neighbouring sections of the 
steel being welded). 

In a seam containing 0.15% carbon (0.69 at.%) 
and 0.9% vanadium (0.98 at.%), free atoms of van- 
dium remained after the formation of carbide VC 
(0.29 at.%). The presence of these free atoms of an 
element producing a more stable carbide than that 
which might be formed in the metal adjoining the 
seam, also caused a transfer of carbon from the 
basic steel into the seam, where it combined with 
the free vanadium atoms. 

As the transfer of carbon is in all cases accom- 
panied by decarburization of that part of the weld 


which has the less stable carbides, and carburiza- 
tion for the part with the alloying element pro- 
ducing the more stable carbides, the process of the 
reaction diffusion of carbon in ferrite must, in welds, 
be associated with the decomposition of the less 
stable carbides in the one part and the formation of 
more stable carbides in the other part of the weld. 
In the case under consideration vanadium carbide 
(or a carbide in which the main part of the metallic 
atoms was vanadium) was formed in the weld and in 
the steel there was a decomposition of cementite. 

The transfer of the carbon in the ferrite could 
occur where there is a drop in the carbon concent- 
ration of an a-solid solution. It means that, in the 
part where there are free atoms of the stable 
carbide-forming element, the concentration of carbon 
in the ferrite will be lower, and in that part where 
the carbon is combined in less stable carbides it 
will be higher. 

The difference in the concentration of carbon 
could be explained by the change in the solubility 
of carbon in ferrite on alteration of the content of 
the carbide- forming alloying element. Where there 
is a high content of the carbide-forming element, 
when all the carbon in a given sector combines in 
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the stable carbides and there is an excess of free 
atoms of the carbide-forming element, the carbon 
content in the a-iron solution will appear to be low. 
The carbide former has, so to speak, drawn out the 
carbon from the solution to form stable carbides. 

As long as the process of transfer (removal) of 
carbon from the solution and its combining with the 
metallic atoms into carbides of the alloying ele- 
ments continues, the constitution of the system fer- 
rite-special carbide, will be unstable. The constitu- 
tion of this system is characterized by a high degree 
of free energy. This means that when there is a 
high content of the alloying element corresponding 
to a low carbon content in the steel, there will be 
free atoms of the former waiting to absorb fesh ad- 
ditions of carbon. Typical of this kind of constitu- 
tion is the lowered carbon content in ferrite in com- 
parison to that required for the equilibrium state of 
an analloyed ferrite. 

On the other hand if there is a lot of carbon in 
the steel and a comparatively low content of the 
alloying carbide-producing element, all the atoms 
of the carbide producer will be combined with the 
carbon. The amount of combined carbon will be 
increased and also, it seems, in accordance with 
the equilibrium conditions the corresponding con- 
tent of carbon in the ferrite. 

In general terms the equilibrium conditions of the 
system ferrite-carbide of an alloying element, may 
be expressed by the following equation 


where C, is the carbon concentration in the car- 
bides; Cy is the carbon concentration in the ferrite; 
C; is the concentration of carbide-forming alloying 
elements; m is the coefficient which accounts for 
the influence of temperature and the stability of the 
carbides formed. 

According to the equation presented, in the first 
of the cases given where there is a small overall 
content of carbon in the alloy, an increase in the 
content of alloying elements (increase in the num- 
ber of free atoms of the carbide former) must lead 
to an increase in the concentration of carbon in the 
carbides and a reduction of carbon concentration in 
the ferrite. 

In the second case where there is an unchange- 
able concentration of alloying elements (C;) and 
content of carbon sufficient to form a bond with all 
the available atoms of the carbide-former, the con- 
centration of carbon in the carbides will increase 
and there will be a corresponding increase in the 
ferrite. 

Thus the carbon content of the ferrite is depend- 
ent on the variable content of carbon in the alloy, 
(itself dependent on the concentration of the alloy- 
ing element) the stability of the carbide formed and 
the temperature. 

This viewpoint is confirmed by various data on 


K=m 
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the solubility of carbon in ferrite for a number of 
steels alloyed with different carbide-forming ele- 
ments, with a fairly high carbon content. 

Paper [2] gives data concerning the solubility of 
carbon in ferrite after prolonged heating at various 
temperatures, in several steels containing separate- 
ly, manganese, chromium, tungsten, molybdenum and 
vanadium. 

If we look at the atomic composition of the alloys 
and types of carbide established by the writers for 
each of these alloys, it is apparent that in each 
case there is a considerable surplus of carbon over 
and above that which might be bonded with the al- 
loying elements contained. For this reason the 
writers decided that there was in all cases increas- 
ed solubility of the carbon in ferrite. 

On the basis of the arguments presented above 
concerning the solubility of carbon in ferrite, it is 
easy to explain the whole of the process we have 
described of the reaction diffusion of carbon in 
welds and the formation of sharp structural hetero- 
geneity in the zone of fusion of the weld with the 
steel being welded. 

As an example let us take a simple case of a 
weld in carbon steel, which is alloyed with vana- 
dium to a greater amount than is required for bond- 
ing into stable carbides which contain the carbon 
of the seam (Fig. 4). Alloying with vanadium is 
used for the simplicity by which the system may be 
observed, where the vanadium is almost all able to 
combine with the carbon in carbides, and the main 
type of carbide is the cubic VC which is suitable 
for calculating the quantity of bonded carbon by 
atomic percentage. 

In this type of weld the quantity of carbon in 
carbides due to the presence of vanadium in the 
seam, will be higher than in the welded steel 
(Fig. 4b), while the quantity of carbon in the ferrite 
of the seam will, for the reasons set out above (low 
carbon content in the steel with high vanadium 
content) be lower than in the ferrite of the unalloy- 
ed welded steel. 

The fall in carbon concentration on the fusion 
boundaries immediately after welding will be re- 
latively sharp, if one ignores the fusion in a narrow 
sector of intermediate compositions (the result of 
the mixing of the filler metal with the steel under 
weld) and diffusion processes occurring in the short 
interval of coling time after welding. 

If this weld is heated in the range 500-700°, dif- 
fusion processes will arise which are directed 
towards an equalization of the carbon concentration 
of the ferrite. By virtue of this there is a transfer 
of carbon atoms from the ferrite of the welded steel 
into the ferrite of the seam. This causes a reduction 


of the concentration of carbon in the ferrite of the 
basic metal and an increase in that of the seam 
near to the fusion (Fig. 4c). As the carbon concent- 
ration in the ferrite of the basic metal decreases 
around the seam zone, at the same time the process 
of solution of the bonded carbon starts up, in order 
to maintain the equilibrium indicated above, and in 
this sector the quantity of cementite (pearlite) is 
reduced. On the weld side, on the other hand, the 
increase in the carbon concentration of the ferrite 
leads to the formation of carbides with the free 
vanadium atoms and in this sector the quantity of 
carbides will increase (Fig. 4c). 

In the further course of this process the quantity 
of carbides in the zone around the weld will de- 
crease right down to the state at which metallogra- 
phic analysis would disclose decarburization. Along 
with this the zone of decarburization will grow, so 
that the size of the ferrite sector will increase and 
its carbon will be diffused in the seam (Fig. 4d). On 
the other side, in the sector of the seam adjacent 
to the fusion, the entry into the ferrite of all the new 
carbon atoms will lead to the further formation of 
vanadium carbides (or, where there are other alloy- 
ing elements, of carbides in which the atoms of the 
carbide-forming elements participate) until al] (or 
that number which is able to form carbides) of the 
vanadium atoms are bonded with the carbon. At the 
same time there will be an increase in the depth 
of the carburizing layer, as in the ferrite there will 
be a further penetration of carbon atoms from the 
rich into the poorer zones. 

The rate at which this process takes place is de- 
pendent on a number of factors and, first of all, on 
the rate of diffusion of the carbon in the ferrite from 
one part of the weld into the other (in the case on 
hand, from the welded steel into the seam). 

At a given temperature the rate of diffusion may 
be determined from the gradient of the carbon con- 
centration in the ferrite of the weld and of the basic 
metal and will in consequence be dependent on the 
absolute value of carbon concentration in the ferrite 
of each of the parts. As we have said before, the 
carbon concentration in the ferrite is dependent not 
only qualitatively — which element — but also 
quantitatively, on the nature, of the alloying. For 
this reason the difference in the concentration of 
carbon in the ferrite, and the rate of carbon diffus- 
ion determinable from it, will depend on the nature 
and quantity of the alloying element. 

In the processes of the coagulation of carbides in 
the tempering of steel (heating temperature below 
A,,,) transfer of carbon in the ferrite should also 
take place according to the mechanism outlined 
above. 
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The mechanism of these processes may be des- 
cribed as follows. Around the fluctuation zones (or 
separate carbide particles) with an increased con- 
tent of atoms of the element which produces the 
most stable carbide for the system, a zone is form- 
ed in which the ferrite has a lower carbon content 
than that of the rest of the ferrite (as shown above, 
free atoms of the carbide-forming element will draw 
the carbon out of the ferrite). The resulting differ- 
ence in concentration acts as a stimulus for the 
transfer of carbon atoms from the general mass of 
the ferrite to the sectors where there is an increas- 
ed content of carbide-forming atoms. 

As soon as carbon atoms from the surrounding 
ferrite arrive in the area where there are free 
carbide-forming elements, bonding of the carbon in 
carbides commences and there is a growth in the 
carbide particles and once again, draining of the 
carbon from the adjacent ferrite. This is the way in 
which the carbides of the more stable and richer 
alloying elements are formed. 

At the same time, in the other system of “less 
stable carbides — general mass of ferrite”, another 
process should be taking place, in which the reduc- 
tion in the carbon of the whole mass of ferrite (due 
to the transfer described, of the carbon to the sec- 
tors rich in carbide-formers) will be accompanied 
by the decomposition of the less stable carbides 
with the transfer into the general solution of the 
released carbon atoms. Thus the process of coagu- 
lation is at one and the same time connected with 
the decomposition of the less stable carbides and 
the formation of the more stable ones with a higher 
content of the alloying element. 

The rate of diffusion of the carbon in ferrite in 
the conditions we have considered, must be deter- 
mined from the resulting difference in concentration 
of solute carbon. As this difference in concentra- 
tion (of carbon in solution in the general mass of 
ferrite and in the sectors of ferrite adjacent to the 
particles rich in alloying element) is dependent on 


the content of the alloying element, the content of 
carbon and the type of carbide formed, the rate of 
diffusion of carbon in ferrite at a given temperature 
will be dependent on exactly the same factors. 


CONCLUSIONS 


The process of transfer of carbon atoms in fer- 
rite, as with all diffusion processes, takes place at 
different concentrations. The difference in the con- 
centration of carbon in the ferrite of different sec- 
tors of a steel, is determined by the heterogeneity 
of the content of the carbide-forming alloying ele- 
ment. In the sectors with a high content of the ele- 
ment which forms the more stable carbides in the 
system in question, a zone of ferrite will be formed 
which is poor in carbon. This will occur in a steel 
with a relatively low carbon content and will be due 
to the great affinity of this element to carbon. In this 
zone diffusion transfer of carbon atoms will also 
take place. 

With a high carbon content in a steel containing 
carbide-forming alloying elements, the equilibrium 
requirements between the bonded and the free carbon 
will lead to the quantity of solute carbon in the fer- 
rite becoming greater. 

The circumstances described above will explain, 
for instance, such processes as the coagulation of 
carbides in tempering and the formation of chemical- 
ly and structurally heterogeneous conditions in the 
sector of fusion in some welds. 


Translated by V. Alford 
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In papers [1, 3, 4] tests have been described 
which were undertaken for the purpose of observing 
the processes which take place on a free metal 
surface heated to a high temperature. It has been 
demonstrated [3] that these processes might well 
prove to be essential to such phenomena as the sin- 
tering of compacts of metal powders. The surface of 
these compacts is highly developed as regards the 
dispersion of the original powders. 

This paper describes experiments conducted for 
the purpose of observing the constitution of the 
surface of powder compacts at high temperatures. 
The experimental! task was dictated by the desire 
for knowledge concerning the nature of the relief of 
the powder grain surfaces which lead into pores, 
that is to say, more detailed information concerning 
the form of the pores (“fine structure”) in addition 
to those observations conducted earlier for the pur- 
pose of studying the process of spheroidization 
with the aid of macroscopic wire models [6]. 

This article also includes an account of certain 
results of experiments conducted for the purpose of 
providing a clearer definition to existing ideas on 
the development of the so-called “natural surface 
roughness”. 


METHOD AND DESCRIPTION OF THE 
OBSERVATIONS 


Direct observation of the form and constitution of 
the surface of a pore inside a metal compact is im- 
possible as the compact is not transparent. We 
therefore resorted to the method of modelling the 
conditions obtaining in the inside of the pore. One 
of the surfaces of a powder compact was polished, 
after which the compact was wrapped in copper foil 
and annealed at constant temperature. 

By this method the compact was annealed in a 
medium of copper vapour, which means that the 
polished surface to be examined was in a condition 
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similar to that of the surface of a pore within the 
body of the compact. Annealing was carried out in 
a vacuum ~ 10°° mm Hg. The testpieces were made 
by pressing electrolytically produced copper pow- 
ders. The average size of the powders was ~ 50 yp. 
The initial porosity of the compact was 35-40 per 
cent. After annealing, the polished surface of the 
testpiece was examined under microscopes MIM 6 
and MIM 3. 

In these experiments the following observations 
were carried out: 

1. The surface which, until the annealing, had 
been polished, became uneven. The relief of the 
surface observed after annealing was that of a col- 
lection of projections and hollows (macroscopic 
unevenness). The average distance apart of the 
macroscopic unevennesses was ~ 100 yp. Bearing 
in mind the size of the powders (~ 50 x) and the 
initial porosity of the compact, it is reasonable to 
suggest that each of the protuberances observed is 
connected with a single powder grain. The sort of 
picture of the surface seen within the field of a 
metallographic specimen, may be seen from the 
microphotographs made of the same spot on the spe- 
cimen with different degrees of defocusing of the 
lens (Figs. la-c) and also with vertical and oblique 
illumination (Figs. 2a-b). The depth of the “macro- 
relief” was estimated according to the degree of 
displacement of the lens on defocusing, which was 
necessary in order to get the sectors in focus which, 
when the tops of the protuberances were focused, 
were themselves completely out of focus. This 
figure was around 10 p. 

2. Within the limits of each of the “macroscopic” 
irregularities small unevennesses were observed in 
the form of steps, which looked like the “natural 
roughness” already described (1, 3]. 

In each of the macroscopic irregularities, the 
natural roughness had a different appearance, accord- 
ing to the orientation of the powder grains in respect 
to the plane of the specimen. After prolonged anneal- 
ing (more than 3 hr), on many of the powders rough- 
ness was observed in the form of steps with the 


The relief of metal powder grains 


FIG. 1. Surface at the same part of a metallographic specimen, taken at T = 950°, ¢ = 10 hr: 
a — initial position of lens; 6 — on focusing to a depth of 6 x 10% cm; 
c —to a depth of 10x 10~ cm; X 666. 


FIG. 2. Surface at the same part of a metallographic epociien taken at T = 950, t = 10 hr; 


a — vertical illumination; 


following regular shapes: rectangles and triangles, 
Figs. 3a and b respectively. On the surface of some 
of these regular shapes, formations were visible 
which appeared to be a undeveloped flake. The 
atoms which form this flake come from the gaseous 
phase (see below). The smallest of the formation 
observed was 10‘ cm (Fig. 3a and Fig. 4). In cer- 
tain cases natural roughness was observed of a 
form very far removed from the regular shapes 

(Fig. 5). 

In connexion with this description of our observ- 
ations we would like to draw attention to the re- 
searches reported in recent years, on the constitu- 
tion of the surface of crystals formed in the process 
of crystallization from solution or in the process of 
the evaporation of atoms from the surface on high 
temperature annealing. The photographs given in 
Figs. 1 to 7 show that on the surface which is 
formed, a system of steps takes shape or, in some 
case, of spirals. In paper [2] there is a description 


b — oblique illumination X 75. 


of the spiral and stepped formations on the surface 
of a natural flake of a NaC] crystal in the process 
of evaporation. The writer of that paperconnected 
this formation with dislocation arising on the sur- 
face of the crystal. 

The observations described by us did not include 
any direct indications as to the role of dislocations 
in the creation of the stepped structure on the sur- 
face of powder grains; it is however possible, that 
the relief observed of the powders was to some 
extent occasioned by the presence of dislocation in 
those grains which had a deformed lattice. 


3. Particular interest is attached to the 
sectors of the metallographic specimen where the 
meeting of powder grains limits the pore. One of 
these spots is shown in Fig. 6a-b. Four powder 
grains, on each of which there is a different form 
of natural roughness, confine a pore. The surface 
of this pore consists of separate flat sector. 
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FIG. 3. The form of surface roughness of copper powders with different 
regular patterns at T = 950, ¢ = 3 hr: 


a — rectangular; 


FIG. 4. Comparative size and shape of formation; 
X 800. 


THE SHAPE OF THE PORES 


It is well known that, in the course of the sinter- 
ing of powder compacts, the process known as 
spheroidization of the pores occurs. This process 
can be very distinctly observed on wire models which 
are modelling a powder body. This process is the 
result of the straining of the system towards the 
minimum of free energy and, in particular, towards 
the minimum of surface energy the value of which, 
E,, = 7S (o is surface tension, S is surface area) is 
reduced as the contours of the pore become curved 
because, at a given volume, the pore will have the 
minimum surface area when its shape is spherical. 

It is obvious however, that reduction of the sur- 
face area is not the only way by which the free sur- 
face energy may be reduced. The natural roughness 
which arises leads to an effective reduction in sur- 
face tension, due to the development of planes 
which have less surface tension. The fine structure 
of the pore therefore, is determined not only by the 
process of macroscopic spheroidization, but also to 


the process of the development of natural roughness. 


In connexion with what has been written it could 
be suggested that, in equilibrium conditions, the 
pore must be a polyhedron bounded by planes of low 
surface tension and that the form of this polyhedron 


b — triangular X 800. 


FIG. 5. Form of natural roughness, 
X 720. 


is determined by the orientation of the grains going 
into the pore. An example of such a pore (actually 
a half-pore) is shown in Fig. 6 a-b. 

We must point out that observations similar to 
those described, concerning the form of pores in 
metal compacts, have been made before [5] in the 
study of the process of sintering testpieces under 
investigation. In the later stages of the sintering 
process pores of cubic shape are quite clearly 
visible. 


THE ROLE OF THE GAS PHASE IN THE 
EMERGENCE OF NATURAL ROUGHNESS 


In one of the previous papers it was shown that 
the evaporation of a substance from the surface of 
a testpiece and the consequent condensation of the 
vapours, plays an essential role in the process of 
creating the natural roughness. Assuming that the 
gas phase plays a decisive role in the development 
of the roughness and that the time ¢;, during which 
the appropriate degree of roughness is established 
on the surface of the grain, is inversely proportion- 
al to the vapour pressure, then between t; and the 
temperature of isothermal annealing 7; there should 
be the following relationship 
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The relief of metal powder grains 


FIG. 6. Sector of a specimen on which some powder grains confine the pore, 
at T = 980°, ¢ = 4 br: 
a — arrow indicates junction of four powder grains; 
b — same place with lens defocused; X 720. 


FIG. 7. Form of relief at different annealing conditions; 
a — T = 800°, ¢ = 30 min; 
b — T = 930, t = 20 sec X 216. 


RT 


where A is the constant; Q is the heat of evapora- 
tion. In this case it should be possible from the 
slope of the straight line in the co-ordinates 

In ; T; 
to determine the value which, if the assumption 
regarding the role of the gas phase is correct, 
should be very close indeed to the figure for the 
heat of evaporation. 

In connexion with these propositions the follow- 
ing tests were carried out. 

Similar testpieces produced by pressing copper 
powders were annealed in an atmosphere of their 
own vapour at different temperatures (750, 800, 870, 
930°), during which the isothermal annealing was 
periodically interrupted in order to examine the sur- 
face under the microscope. 

The interval of time ¢; was determined by visual 


identification of the structure on testpieces anneal- 
ed at different temperatures. 

For example, in Figs. 7a and b two structures 
are shown (the difference in temperatures is 800 
and 930°), which, in our analysis we took to be 
identical. 

On the basis of the data obtained by the method 
described, a graph for the relation 


In — — — 

(Fig. 8) was constructed and a value for Q deter- 
mined which was around 80 x 10° cal /mol, which is 
close to the figure for the heat of evaporation of 
copper [7]. The value of Q was determined not only 
from the experimental data, in which the structure 
shown in Figs. 7a-b, was taken as a “datum”, but 
also from the data of experiments conducted for the 
purpose of observing the stage at which the appear- 
ance of the roughness was marked. In these experi- 
ments also, the value obtained for Q was 
80 x 10° cal/mol. 
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FIG. 8. Relation between and 
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In paper [8], which is dedicated to the study of 
the figures appearing on the surface of nickel, 
copper and zinc in the pre-melting range of temper- 
atures, photographs of figures are shown which are 
similar to ours. The writers call these “evaporation 
figures” and have concluded that the gaseous phase 
plays a decisive role in the development of the 
structure observed. 

The results obtained however, do not exclude 
such a mechanism as surface diffusion, but merely 
provide evidence that the role of the gaseous phase 
is essential. 

The writers of paper [9] have observed the kine- 
tics of the disappearance of etching figures on the 
surface of the monocrystal of copper which has the 
shape of a sphere. The experiments were conducted 
at temperatures of 700-900°. From the slope of the 
straight line in co-ordinates 


in paper [9] the energy of activation of the process 
was determined and was found to be 10° cal /mol. 
In connexion with this value for Q the writer 
suggests that the disappearance of the etching fig- 
ure occurs as a result of surface diffusion. In the 
light of the results of our researches and of those 
of paper [8], the results given in paper [9] seem a 
little curious. We note also that the disappearance 
of etching figures from the surface of a monocrystal 
of copper having a spheroidal form, as described in 
paper [9}, does not agree with the appearance of 
similar figures on the surface of spheroidal and 
cylindrical crystals of rock salt, described in detail 
by Lukirskii [10]. 

In conclusion, we would observe that the experi- 
ments described in this and previous papers (1, 3] 
were conducted for the purpose of explaining certain 
details of the mechanism of the development of 
natural surface roughness, and did not embrace the 
problem of the possible role of the processes of 


75 


partial oxidation and decomposition of the oxides. 
They do, however, provide evidence that the process 
of recondensation of a substance is essential in 

the occurrence of natural surface roughness. 


CONCLUSIONS 
1. The surface of copper powder compacts 
acquires, on annealing in copper vapours, a com- sad 


lex relief which consists of “macroscopic” project- 
ions and hollows (L ~ 100 p), each of which is, in 
its turn, covered by a natural roughness (the length 
of the steps is ~ 0.5 y). 

2. The essential role in the kinetics of the de- 
velopment of the relief observed is played by the 
process of evaporation and subsequent condensa- 
tion of the vapours on the surface of the testpiece. 


Translated by V. Alford 
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THE INFLUENCE OF ADDITIONS OF PALLADIUM ON THE HYDROGEN PERMEABILITY 


OF IRON * 
V.I. ARKhAROV and A.A. KRALINA 
Institute of the Physics of Metals Academy of Sciences S.S.S.R. 


From the various deliberations on the subject 
of the nature of grain boundaries in polycrystalline 
bodies it may be assumed that, in such a body, dif- 
fusion of the various elements must take place with 
great ease along these areas as compared with dif- 
fusion through an undeformed crystal lattice. This 
has been established experimentally for a number 
of binary systems. Although in this respect there is 
still not enough light on the diffusion of hydrogen 
through polycrystalline metals [1], there is at the 
same time a lack of arguments which might be set 
against the possibility of preferred diffusion of the 
hydrogen along the grain boundaries. 

Palladium is known to be particularly permeable 
to hydrogen. On the other hand, it forms an uninter- 
rupted series of solid solutions with iron. On this 
basis it may be suggested that the solid solution of 
palladium and iron (at least at high concentrations 
of palladium) is more permeable to hydrogen than 
pure iron. 

It has been established by a number of researches 
in our laboratories that certain dissolved (horo- 
phillic) elements, which promote internal adsorption 
and, because of it, enrich the grain boundaries, 
exert in such alloys an essential influence on the 
course of diffusion of a third component from with- 
out, as they strengthen (or weaken) the role of 
intercrystalline diffusion as compared to that of 
volumetric [2]. This phenomenon has been particu- 
larly observed for the diffusion of silver in iron 
containing palladium [3 - 6]. 

It is to be expected from this, that intercrystal- 
line diffusion will be evident to a greater degree in 
iron which contains some palladium than iron which 
does not. A similar influence from the palladium is 
also possible in various alloys based on iron. 

With regard to these problems a certain interest 
attaches to our observations of the diffusion of 
hydrogen through polycrystalline iron base alloys 
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with palladium, and their comparison with alloys of 
the same composition but containing no palladium, 
both with the same coarse, and the same fine, 


grain. 
METHOD OF CONDUCTING THE TESTS 


The follo wing materials were used for the exper- 
iments: (1) Armco iron, (2) iron with a 0.5 per cent 
addition of palladium, (3) an austenitic 'e-Cr-Ni 
alloy (18% Cr, 7.5% Ni) and (4) an austenitic alloy 
containing the same concentrations of nickel and 
chromium but with a 0.5 per cent addition of pal- 
ladium. Armco iron was the basis of all the alloys. 
The testpieces were forged into bars 10 x 10 mm in 
section which were then rolled into plates 0.25 mm 
thick (in two passes with a 10 hr annealing at 600° 
in between). 

The difference in the thickness of the plates 
never exceeded 0.01 mm. Testpieces 12 x 12 mm 
were cut out of the plates, and were given a preli- 
minary annealing for 50 hr at 600°. 

Annealing for the purpose of grain refinement or 
the reverse then followed. The testpieces were an- 
nealed in a vacuum for 10 hr at various temperatures 
which had been selected so as to produce a series 
of testpieces from each of the alloys with the same- 
sized grain. One series was “fine grained” (20- 

25 wz) and the other, “coarse grained” (280-290,). 
In addition testpieces with “specially coarse” 
grains were produced from the austenitic alloys 
(560-580 y). The annealing temperatures are shown 
in Table 1. 

The size of the grain was determined as the 
average of the measurements of 120-150 grains on 
4-5 samples of every kind on the eyepiece scale 
of microscope MOM 6 with magnifications of 200, 
450 and 850. 

The condition of the surfaces of the testpieces 
was as follows: on one side a metallographic polish 
was prepared; the other side remained in a state of 
“post-cold rolling and vacuum annealing”. 
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Influence of additions of palladium on the hydrogen permeability of iron 


TABLE 


Characteristics o 


1. 


f materials examined 


Material 


Annealing Characteristic 


Composition Type 


temp. °C 


Fe ( Armco-iron ) Ferrite without 


700 Fine 
880 Coarse 


Fe+0.5% Pd Ferrite with 


700 Fine 
880 Coarse 


Fe+ 18% Cr+7.5% Ni Austenite without 


750 Fine 
1000 9 Coarse 


1200 Very coarse 


Fe+18% Cr+7,5% Ni : ith 
+0.5% Pd Austenite wi 


750 Fine 
1000 Coarse 
1260 Very coarse 


The tests for hydrogen permeability were carried 
out as follows. Short lengths of glass tubing were 
soldered on the plate testpieces with picein. This 
made a small vessel for the electrolytic cell. A 
1 per cent solution of sulphuric acid was used as 
the electrolyte. The testpiece was the cathode 
(bottom of the vessel) and the anode was a platin- 
mum plate (3 x 8 mm) arranged vertically in the 
centre of the vessel (the lower edge of the anode 
was 2 mm from the bottom). During electrolysis the 
anode rotated on a vertical axis. 

The electrolysis took place at a current density 
of 0.22 A/dm?. The under side of the testpiece 
closely abutted* the opening of the instrument-gas 
analyser. The diameter of this aperture (10 mm) was 
determined by the area of the surface of the test- 
piece (0.785 cm?); it was open at the bottom and 
facing the gas analyser. On this sector of the sur- 
face of the testpiece was the diffusion membrane 
for that part of the hydrogen which on electrolysis, 
separated on to the cathode and was diffused through 
the testpiece into the interior of the gas analyser. 

This apparatus was constructed on the lines of 
a Shakespeare catharometer [7]. The instrument has 
two chambers, one of which is in communication 
with the space where the hydrogen falls after being 
diffused through the testpiece and the other is 
closed and filled with air. 

In each chamber there is a calibrated spiral of 
platinum wire, 0.02 mm in diameter. These spirals 
are connected with an electric current on a bridge 


* On the picein joint. 


system in which they are heated by current passing 
through both parallel branches of the system. A 
zero reading on the galvanometer connected to the 
bridge indicates identical composition of the atmos- 
phere in both chambers. As soon as a certain quan- 
tity of hydrogen appears in one chamber the heat 
transfer of the platinum spiral in this chamber is 
increased, the temperature of the spiral is reduced 
and, in consequence, its resistance, and the galvano- 
meter dips. We used a V-21 galvanometer with a 
sensitivity of A. 

The apparatus was previously calibrated on mix- 
tures of hydrogen and air of known composition. 
For this, the catharometer was connected to a 
Hoffmann instrument in which were measured the 
different quantities of hydrogen which had been 
mixed with air in the inner space of the apparatus 
(the volume of which was known and remained cons- 
tant). The galvanometer readings were plotted on a 
graduated graph along the axis of the abscissa, 
while on the ordinate axis the percentage concent- 
rations of hydrogen in the mixture with air were 
shown. Calibration was checked five times while 
the graduating curve was fully reproduced. 

In the tests for the determination of the hydrogen 
permeability of the alloys under investigation the 
galvanometer readings were registered at regular 
intervals and, by means of the graduating curve, a 
graph was constructed for the increased concentra- 
tion of hydrogen in the catharometer (that is, the 
amount diffused through the testpiece) during elec- 
trolysis. 
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FIG. 1. Apparatus for determination of hydrogen permeability. 


RESULTS OF THE EXPERIMENTS 


The results of the experiments are shown in 
Figs. 2-6 in the form of graphs for the relationship 
between the quantity of hydrogen diffused through 
the testpiece, and the electrolysis time. These 
graphs were obtained for each of the four alloys 
under examination in both fine - and coarse-grained 
states. In all, ten variations of the material were 
tested in this way; the tests were repeated for each 
variant and the graphs were reproduced in their 
entirety. 

On all the graphs the initial period has been noted 
when the hydrogen progresses at a retarded rate 
while it is being dissolved in the material of the 
testpiece up until saturation point*. As this satura- 
tion is irregular in sectors which have different 
permeabilities to hydrogen and also due to varia- 
tions in its solubility (sectors of varying degrees 
of lattice distortion, intercrystalline linkages and 
boundaries of substructure blocks), it is quite 


* i.e. up to a state of static steady distribution of the 
hydrogen throughout the testpiece. 


possible for the hydrogen to start to emerge from 
the underside of one part of the testpiece while in 
another saturation has not yet been reached. For 
this reason in the initial period the graph curve 
proceeds with an increasing gradient (convex to the 
time axis). When saturation has been reached 
throughout the testpiece the hydrogen passes through 
it at a constant rate which is determined by the 
composition and structure of the material. At this 
stage the graph curve enters a straight line sector 
and has a constant incline which in its turn is de- 
termined by the permeability of the material to hy- 
drogen. 

After this the polarization at the cathode starts 
to take effect and the curve begins to bend, reduc- 
ing the gradient to the time axis. 

The measurements for the tangent of the angle 
of incline of the straight lines in the graphs are set 
out in Table 2 in the form of indicators of the hydro- 
gen permeability of the alloys. 


EVALUATION OF THE RESULTS 


Comparison of the hydrogen permeability of 
samples with coarse and fine grain, ferritic and 
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FIG. 2. Relation between amount of hydrogen diffused FIG. 3. Relation between quantity of hydrogen diffused 
through the testpiece, and electrolysis time. Fine through the testpiece, and electrolysis time. 
grain pieces (annealing temp. 700°); Coarse grained samples (annealing temp. 880° ); 
1 — Armco iron (ferrite); 1 — ferrite; 
2 — Armco iron (ferrite) with 0.5 per cent palladium. 2 — ferrite; with 0.5 per cent palladium. 


T 


IS 40 min 


FIG. 4. Relation between quantity of hydrogen diffused through the testpiece, and 
electrolysis time. Fine grained samples (annealing temp. 750); 
1 — austenite; 
2 — austenite with 0.5 per cent palladium. 


austenitic structure, palladium additions and with- tic alloys, the hydrogen permeability was lowered 
out, permits the following conclusions. on transition from fine to coarse grain. From this 
In all the tests, of both the ferritic and austeni- the conclusion may be drawn that in all these alloys 
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FIG. 5. Relation between quantity of hydrogen diffused through the testpiece, and 
electrolysis time. Coarse grained samples (annealing temp. 1000°); 

1 — austenite; 

2 — austenite with 0.5 per cent palladium. 


FIG. 6. Relation between quantity of hydrogen diffused through the testpiece, and 
electrolysis time. Very coarse grained samples (annealing temp. 1200°); 

1 — austenite; 

2 — austenite with 0.5 per cent palladium. 


A comparison of the permeability of alloys with 
and without palladium with other similar character- 
isctics (grain size, chemical composition of other 
elements, type of crystal lattice) shows that the 
presence of palladium increases the hydrogen per- 
meability. 
* It is suggested here that the hydrogen permeability The by drogen permeability of austenite is lower 
through the grain after recrystallization is not essential- _ than that of ferrite at the same grain size. However, 
the addition of palladium increases the permeability 


ly different for fine and coarse grained materials. As in 
our experiments the fine or coarse grain was obtained to practically the same level as that of ferrite with 


after recrystallization at different temperatures it ma at . . 
be that in the coarse grain the network of 
grain boundaries is somewhat smaller and the essence 
of our conclusions remains: hydrogen diffusion occurs 
to a large degree along the boundaries of the different- 
ly oriented crystals, not through them. This is, of 


diffusion of hydrogen proceeds via the grain bound- 
aries to a much greater degree than it does through 


the grain*. 


course, only significant for high temperature annealing, 
of which more later. 
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TABLE 2. 


Hydrogen permeability indicators of different alloys 


Specific hydrogen permeability 
units 


Alloy ~~ With fine | With coarse | With very coarse 


grain grain grain 


Ferrite without 
Ferrite with 
Austenite without 
Austenite with 


2.24 
6.06 
0.81 0. 
1.21 0. 
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A more detailed comparison of the individual 
series of results leads to further conclusions. 

A given variation in grain size in alloys con- 
taining palladium causes a greater diffusion in the 
hydrogen permeability than is the case for the al- 
loys without palladium, all other characteristics 
being equal. For example, in armco iron alloyed 
with palladium, on transition from fine to coarse 
grain the hydrogen permeability is lowered from 
6.06 to 4.11, that is 1.47 times, while a similar 
change in armco which is not alloyed with palladium 
reduces the permeability from 2.24 to 2.13, that is, 
only 1.05 times. In Fe-Cr-Ni austenite containing 
small additions of palladium the permeability is 
reduced from 1.21 to 0.71, that is, 1.71 times, wh ile 
in the same austenite without palladium the reduc- 
tion is from 0.81 to 0.53, or only 1.53 times. This 
is an indication that the prevalence of intergranular 
diffusion, both in ferritic and austenitic alloys is 
greater where palladium is present. In other words, 
the increase in hydrogen permeability occasioned 
by the addition of palladium takes place mainly 
because of intergranular diffusion. 

The following contradictions may be made to 
these conclusions. The hydrogen permeability of 
ferrite increases, from the addition of palladium, 
with fine grain 2.71 times, and with coarse, 1.93 
times. For austenite the corresponding figures are 
1.50 and 1.34. 

The increase in the hydrogen permeability occa- 
sioned by the presence of 0.5 per cent palladium in 
the composition, may be explained in two ways. 

{1) A similar quantity of the alloying element in 
the thickness of the grain and in the intercrystal- 
line zone may lead to different changes in the 
nature of these media in view of the lack of a 
structure for the intercrystalline zone which is dis- 
tinct from that of the regular crystal lattice. 

(2) Palladium is diffused volumetrically through 
a polycrystalline alloy irregularly: it enriches the 
grain boundaries, that is to say, it promotes inter- 
crystalline internal adsorption. 


The second explanation seems more likely to us. 
It agrees with the conclusions drawn in papers [3 - 
6}. 

In contradiction to these conclusions it might be 
said that where there is very considerable coarsen- 
ing of the austenite grain we observed a greater 
reduction in the hydrogen permeability in the alloy 
without palladium (2.08 times) than in the same 
alloy with palladium (1.54 times). However, we 
suggest that this contradiction is not real. The 
fact is that in our experiments the coarsening of the 
grain was achieved with preheating of the testpieces 
to very high temperatures. The coarsest grained 
state at which this contradiction was noticeable was 
achieved after heating at very high temperatures 
(1 200°) in comparison to those for the less coarse 
grain (880-1000°) and with fine grain (700- 750°). 

Heating at higher temperatures leads not only to 
coarsening of the grain but also, it seems, to the 
improvement of the sub-crystalline structure, i.e. 
reduction of overall tension on the sub-crystalline 
boundaries. It seems likely that, as regards permea- 
bility to hydrogen, the role of the latter is similar 
to that of the intercrystalline boundaries. Thus, 
with preliminary annealing at the higher temperatures, 
there is a reduction in permeability not only on 
account of the general lowering of tension on the 
intercrystalline boundaries but also because of the 
reduction in tension of the sub-crystalline bound- 
aries as a result of the improvement in the substruc- 
ture. 

On transition from the fine grain obtained by an- 
nealing at 700- 750°, to the coarse, obtained by an- 
nealing at 880-1000°, it appears to be the first 
factor which has the overriding influence (in other 
words, we are suggesting that the change in substruc- 
ture on annealing at 1000° is slight when compared 
to that which occurs at 750°). 

On transition to very coarse grains, which re- 
quires a very high annealing temperature indeed, the 
most noticeable feature was the intracrystalline 
improvement of the sub-structure. This occurred 
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from the most part in the alloys without palladium, 
as the presence of palladium which is able (on 
account of its horophillic nature with regard to the 
iron base of the alloy) to be adsorbed on both the 
intercrystalline and sub-crystalline boundaries, 
hinders the processes of improvement of the intra- 
grain block structure. For this reason the intra- 
granular boundaries in comparable austenitic alloys 
(with and without palladium) appeared, after anneal- 
ing at 1200°, to be reduced in different degrees. In 
the alloys without palladium this reduction was 
clearly greater and the reduction in permeability 
sharper, than in the alloys with palladium although 
it might here be suggested that the reduction of the 
intercrystalline boundaries is the same for both 
alloys, as at less high annealing temperatures there 
is a considerable effect on permeability on account 
of its adsorption. 


CONCLUSIONS 


1. The hydrogen permeability of iron alloys is in- 
creased by additions of 0.5 per cent palladium. 

2. The increase in hydrogen permeability caused 
by additions of palladium occurs for the most part 
through intercrystalline linkages (boundaries). 

3. The hydrogen permeability through the crystals 
appears to be controlled to a large extent by sub- 
boundaries. 

4. The influence of palladium on the hydrogen 
permeability of iron alloys may be explained by the 
internal adsorption of palladium. 


Translated by V. Alford 
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THE DYNAMICS OF THE HEATING OF A METAL WHEN INTERNAL 
TRANSFORMATIONS ARE PRESENT * 
E.M. GOL’DFARB 
Dnepropetrovsk Metallurgical Institute 
(Received 11 March 1957) 


The dynamics of the heating of bodies of various shapes has been established, in circumstances 
where there is internal transformation. This has been done on the basis of a method developed for the 
momentary regular conditions. Formulae are presented for calculation of the temperature field in vari- 
ous circumstances of heating. 


The internal transformation processes in metal alloys are usually accompanied by thermal effects, 
i.e. the absorption or liberation of the latent heat of transformation. In iron-carbon alloys one of the 
most substantial effects is that of eutectoid transformation which amounts to 15/cal/kg. pearlite [1]. 
In thermotechnical calculations for the heating conditions of steels, the thermal effect of transform- 
ation is usually reckoned as the mean thermal capacity of the body being heated. In fact, the internal 
transformations do not flow through the body at the same time, but in stages, as each layer reaches 
the transformation temperature. For this reason, integral calculation of the thermal effect by the therm- 
al capacity of the body substantially distorts the dynamics of the heating process. As a result of this, 
the differences in temperature calculated for cross sections of steel ingots is, in a number of cases, 
1.5-2.0 times less than is actually the fact (Fig. 1) [2]. In this paper the mechanism of heating a 
body is examined in various forms and where internal transformations are present. 
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FIG. 1. The heating dynamics of a spring steel ingot in soaking pits: 

tp and ¢, are the temperatures at the surface and the axis of the in- 

got; Ar= tp — ts, ty is the furnace temperature. Solid lines — exper- 
imental; dotted lines — calculated. 
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THE SOLUTION OF THE PROBLEM 


If the known methods of the theory of thermal conductivity are used for solving the problem of 
the heating of a body where internal transformations are present, substantial difficulties will be en- 
countered. Besides this the possibilities of the theory of thermal conductivity may be considerably 
widened by the introduction of certain suppositions based on the general mechanism of the process 
of heating bodies [3, 4]. 

From a study of the dynamics of heating bodies the process may be divided into two qualitative- 
ly differentiated periods, the inertia and the regular. A peculiarity of the inertia period is the conti- 
nuous change in the thickness of the layer being heated in accordance with the gradual commitment 
of the body to the process of heating. The regular period is characterized by the fact of the whole 
body taking part in the heating process while the layer being heated maintains a constant depth. 

Given the flow of heat on the surface, a solution to the problem may be reached for the regular 
period if the rate of heating at different points of the heating layer are taken to be the same, and 
equal to the mean rate of heating for the whole body. In this case the rate of change of temperature 
of the body may be directly connected with the arrival of the heat on its surface. This simplification 
of the problem is equivalent to the presumption of the existence in the heating layer of momentary 
regular conditions at which the rate of change of temperature is the same at different points in the 
layer. The inertia period may be represented as a combination of the regular states, differentiated 
from one another by the varying depths of the layer. This method could be described as that of 
momentary regular conditions. 

The process of internal transformation is preceded by heating up to the moment at which the 
surface reaches transformation point. After this the flow of heat directed to the surface will also 
be used in transformation, accompanied by absorption. In this way we get the heating of a 3-layered 
body (Fig. 2) consisting of the first layer in which transformation is already complete, the second 
elementary layer in which transformation is taking place, and the third layer in which transformation 
has not yet started. 

The circumstances of the problem may be represented in the following way: 

a) The differential equation for thermal conductivity in the body may be written 


(1) 


Ot (x, t) a 1 Ot (x, +) 
at ay Ox 


where ¢ (x, 7) is the temperature at the point with co-ordinate x in a moment of time r; A/Cy — the 
coefficient of temperature conductivity; C — specific heat; 4 — the coefficient of thermal conductivity; 
y — specific weight; v — the coefficient of form, for plate v = — %, for a cylinder = 0, for a sphere 
v=h. 

b) The first condition: for a regular heating cycle with constant flow of heat, the distribution 
of temperature in plate, cylinder or sphere at the moment at which transformation point is reached 
on the surface will be described by the following equation: 


t (x, 0) = tpr 


(2) 


where ¢,, is the transformation temperature; r — the radius of the body; \¢ — the difference in temper- 
ature across the section of the body equal to 


(3) 


where q, is the specific flow of heat on the surface. 
c) The limiting conditions: on the heating surface of the body the specific flow of heat is equal 
to 


VOL. 
8 
1959 


Dynamics of the heating of a metal 


FIG. 2. Heating diagram of a three-layered body. 
A 
Ax (4) 


At a depth s equal to the thickness of the first layer, in which transformation has occurred, the 
specific flow of heat is equal to q, 


Ox (5) 


At a depth s — ds, equal to the combined thickness of the first and second layers, the specific flow 
of heat is equal to 


ot (r—s— ds, 
= 


(6) 


For the second layer ¢ (x, 7) = tyr we get 


Ot (x, +) ds [2041 OF (x, 


(7) 


where p is the latent heat of transformation. 


The solution to differential equation (1), together with the boundary conditions, should give the 
relation between the rate of spread of transformation throughout the body, and time, and also, the 
distribution of temperature across the body at different moments in the process. 


Using the theory of analogy we get a solution to the problem of the distribution of temperature 
in the body in the form of the relation between the following criteria: 


a) at constant temperature of the surrounding medium ¢, and a given figure for the coefficient of 
heat emission 


(FN. By W. 8: 


b) with a constant flow of heat g, 


46 
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S- r-s 
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=9, (Fy N, W, 8), 


At r? (29 +2) 


If we suppose in equations (8) and (9) that x = s and ¢ (x, r) = tor, we get the equation for the dyna- 
mics of the heating process in the following criterial form 


W =, (Fy, N, B,) (10) 


WV (Fy. N). 
(11) 


From the boundary conditions it follows that the temperature field in the first layer is determined 
by flow of heat q, and q, and in the third layer by q;. The specific flows of heat g, and g, concern 
the surfaces of heating and cooling of the first layer, which in the ordinary way may be different. For 
8 this reason the amount of heat received in the first layer per unit of heating surface, will be equal to 


and per unit of cooling surface 


We are taking the rate of heating through the thickness of the first layer to be the same and 
equal to 
(qi — (W) 
(12) 


where k, (W) is the coefficient of material load on the heating surface, depending on the shape of the 
layer and the ratio of the internal to the external surface, and equal to 


(2v + 2)(1—W) 
k, (W) = (13) 


The special values of coefficient £, (W) for plate, cylinder and sphere [3, 4] may be reached if we 


assume that 
l 


2 


The coefficient of material load on the cooling surface 1 = is related to coefficient k,(W) 


| 
ky (| = (W). a4) 


The heating rate for the second elementary layer ds is equal to 


92 — 
as 


Cn = 


47 
(9) 
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Here C,,,) is the nominal specific heat of the elementary layer calculated with the latent heat of 
transformation, equal to 


Cy sl tor — (16) 


where ¢,,, is the mean temperature of the second elementary layer. 
The rate of heating of the third layer is equal to 


rycv (17) 


Inserting the value for rate of heating c,, in differential equation (1), after integration with re- 
ference to the boundary conditions, we get the following formulae the temperature field in the first 
layer: 


for v # 0 (plate and hollow sphere) 


r 


x 


for v = 0 (hollow cylinder) 


x 
(x,t) = tpr + 


4. W?2— 2W?ln 


Qh 


for Inserting the value for rate of heating c,, in differential equation (1), after integration we get 
the formula for the temperature field in the third layer(plate, solid cylinder and sphere) 


gar W x \2 
fa (X, t) == to — — 
The temperature difference in the first layer 


— 
ky (W)d 


where k, (W) is the coefficient of neutralization of the flow of heat in the first layer on the applica- 
tion of external heat, is equal to [3, 41: 
for a plate, cylinder or solid sphere k, (W) = 2; 
(1 — ¥*) 


for a solid sphere k, (W) =2 a ; 


for a solid cylinder ky (W) =2} 


R wrt! 
ke (W) 


R is the thermal resistance of the first layer in the stationary state when 


48 
8 
Bis: 
+ ———— 
| 22 


Dynamics of the heating of a metal 49 
is the coefficient of neutralization of the flow ofheat in the first layer on cooling from within. The 
value of 
1 
could be obtained from the formulae for k,(W) if the last W is replaced by 1/W. 
The formula for the thermal resistance R may be presented in the form: 
for a plate s 
R 
for a cylinder R= (23) 
W 
for a sphere R= a : 
Formula (20) for a plate takes the form 
(24) 
The difference in temperature in the third layer 
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The mean temperature of the layer is obtained by integration of the distribution of temperature (18) 
in the following form: 
(2v + 2) C dx 
pot? — (x, ) (26) 
Inserting the value for ¢ (x, 7), from (18) after integration we get 
5 
ben =t,, + + 
W 
where k, (W) is the coefficient of neutralization of the temperature in the first layer on heating from . 
without, and equal to (3, 4]: 
for a plate o(W) = 3; 
(1 — W24 2978 In W) (1 — Way 
for a hollow cylinder (W) =2 (28) 
for a hollow sphere 3) = 3 (1 + 3W + W2) 
for a solid cylinder 4, (W) = 2 and for a solid sphere ; 
| ka(W) = —., 
For plates, from (27) we get . 
(91 — 9) 8 
sri = lpr + + = (29) 
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for the third layer, having inserted the values for ¢; (x, 7) (19) in (26), after integration we get 


— 
(30) 
The formulae deduced for the first layer may be used to calculate the temperature field in the 
second elementary layer. The thickness ds of the elementary layer is not very great. It may there- 
fore be regarded as flat. This simplification is justifiable for the whole process of transformation 
with the exception of the final moment of heating a cylinder or sphere W = 0, when the elementary 
layer has the form of a solid cylinder or sphere. 

Using (24), the difference in temperature in the second layer is equal to 


(qa + Gz) ds 
Af, 


and, using (28) the mean temperature in the second layer is equal to 


(2 + qs) ds (Q2 — 93) ds 


Qh Qh 6h 


From which 


(292 + 4s) ds 
bor — = 


Inserting value (33) into (16) we get 

6ph 

Cust = C ————_ - 
+ 98) as (34) 

Inserting (34) into (15), we get the following formula for the rate of heating of the second layer: 


(G2 — 93) (2q2 + 9s) 
6phy 


Cne (35) 


In a regular cycle the rates of heating of the layers will be the same, that is 


Cn, = Cry. (36) 


From (36) the relation may be established between the heat flow values q,, 93, 3 for various 
conditions of heating the three-layered body. 


HEATING WITH CONSTANT FLOW OF HEAT ON THE SURFACE gq, = const 


If the value the flow of heat g, is known, from c,,=c, , we get 


qi 


+1 W 
1 


(37) 
From condition c,, = cy, using formula (37), we get, after conversion, the following equation for the 


determination of the flow of heat g, 


50 
| 
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n 


— 0, 


(38) 


qirC Car 
Gph (Qv+ 2) — (242) p WHT? (39) 


From the solution of equation (38) the following formula emerges for the determination of the flow of 


1 
wt?) 


| 


(40) 


n 


Inserting (4) into (37) we get the formula for determining the flow of heat q; 


AW 


2 
+4— + (+ 8(2 — 3w?"+2) (41) 


The differential equation for the process of heating has the form 


(42) 


where di is the change in the heat content of the body in the process of heating and transformation: 


ky (W) lp — + (2v + 2) (43) 


For heating with a constant flow q, the integration of (42) yields 


At 2 ’ (44) 


where Ar is the time interval; /, and J, — the heat content of the body at the beginning and end res- 
pectively of interval of time Ar. 


THE INERTIA AND REGULAR PERIODS OF THE TRANSFORMATION 


The relationships presented above have been arrived at starting from the assumption that, the 
moment the temperature on the surface reaches transformation point, distribution of temperature 
through the depth of the body is established in accordance with the regular cycle, for which 

Cai = Cn2 = Cys In actual fact, this state is established, not immediately, but after a certain time. 
Determination of the duration of heating by formula (44) produces, not the overall heating time, but 
just the duration of the regular period. To determine the overall duration of the process, the length 
of the inertia period which precedes the regular one, must be added to the time value obtained from 
formula (44). The process of heating in the presence of internal transformations also has an inertia 


where 
heat q, 
8 
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and a regular period. The inertia period is characterized by lack of transformation in a solid body. 
Heat applied during this period is practically entirely used up in heating the body. In the regular 
period there is characteristic gradual spread of transformation throughout the body. Here the heat 
applied to the body is used partly in transformation and partly in heating. The duration of the 
inertia period can be determined by the increase in heat content for this period [4]. The heat con- 
tent of the body at the beginning of the inertia period (in the moment at which the temperature at 


the surface reaches transformation point) is equal to 


and at the end of the inertia period (in the moment at which the regular period is established 
throughout) it is equal to 


where g; is determined from formula (41) for W = 1. 
From the heat balance equation for the inertia period we get 


“in 


W= 


(2v + 2)(2v+ 4)a 


where Ar, is the length of the inertia period. 
Substituting the value for q; from (41) for VW = 1, we get, after conversion 


20 42)(2+4aln \n 


qrc 


Fig. 3 gives the results of the calculations of the dynamics of transformation through a plate, a 
cylinder and a sphere, for a number of values of the criterion of transformation \. In the first half 
of the process it is characterized by a linear relationship between the depth of the deformed layer, 
and time. Computation of the overall duration of the transformation process (Fig. 4) indicates the 
existence of a linear relationship between 

+ 2) 

N 

This relationship may be approximated in the form of the following assymetric formula: 


(vr Qat 
(2¥ +3) N (50) 


Calculations according to this formula are set out in Fig. 4 in the form of solid lines. Calcula- 
tions of the change in temperature at the surface and axis of a cylinder for the case N — 1 are set 


52 
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FIG. 3. Dynamics of transformation for a plate (a), cylinder (b) and sphere (c) 
at different values for the transformation criterion N. 
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FIG. 4. Relation between a measureless duration of FIG. 5. Results of a heating calculation for a cylinder 
heat and the reciprocal of the criterion of with diameter 400 mm at constant flow of heat 
transformation: 9: = 60,000 cal/m? hr, t,, — 720°, A = 30 cal/m/hr°C, 
1 — for a plate; C = 0.15 cal/kg°C, y = 7500 kg/m’, p = 15 cal/kg; 
2 — for a cylinder; tp and t, — temperatures at the surface and axis, 


3 — for a sphere; 
Dotted lines — according to formulae (37) — (44); 
Solid lines by the asymptotic formula (50). 


out in Fig. 5. The heat of the cylinder up to the moment at which its surface reaches transformation 
temperature and after this temperature is reached at the axis, may be calculated by the usual method 
[2], but in the transformation range it must be done by the method presented above. It follows from 
Fig. 5 that the rate of temperature rise at the axis of the cylinder in the process of transformation, 
will be gradually reduced. This leads to a gradual increase in the difference in temperature through 
the cylinder. The temperature difference reaches its maximum towards the end of the transformation 
process, when the temperature at the axis is close to transformation point. After this the temperature 
starts to equalize throughout the body. The change in the temperature difference through the body 

in the process of heating indicates the existence that there are two bonds in the curve — at the 
beginning and at the end of transformation — which is relavent to the experimental data for the 
heating of ingots (see Fig. 1). 
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FIG. 6. Results of the calculation of the heating of a cylinder with a 
diameter 400 mm at constant furnace temperature t) = 1200°; 
a= 200 cal/m? hr°C, ¢, and t, — temperatures at surface and 


axis At =t, — ts. 


HEATING WITH CONSTANT TEMPERATURE OF THE SURROUNDING MEDIUM (z, = const) 


The flow of heat at the surface is equal to 
91 =2(t)—t,), (51) 


where ¢, is the temperature of the surrounding medium; t, is the temperature at the surface; a is the 
coefficient of heat transfer. 
The temperature at the surface is equal to 


tpr +At,, 


where At, is the drop in temperature in the first layer. 
Inserting from (52) the values for tp and At, into (51) we get 


1) s 
ko (W) A 


n= — (53) 


Using formula (53) and (35), from the condition c,,— c,, we get the following equation for the deter- 
mination of the flow of heat qs: 


(222 (am? + m—1) (4m + 1+") 42=0, (54) 


(V+ 2)ta (55) 
ryCWR, 


(56) 
R? 


Tq is the accumulation time for the first layer where heating is from the outside [4], equal to 


(57) 
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FIG. 7. Cooling diagram for a semi-infinite body. FIG. 8. Relation between coefficient 8 and CAt/p: 
1 — in Stefan’s solution (77) 2 — from formula (76). 


R, is the combined thermal resistance in the first layer and the heat transfer in the surrounding 
medium. 
+R, 
(58) 


The solution of equation (54) in relation to q; produces 


qs Ro 4 
A ty 


m m \2 
(mete (sm + 1+) — 8 (2m? + m— 1) 
ny ny 


Flows of heat g, and q, are determined from the formulae 


At 


+ 
Integration of differential equation (42) for the final increase in time Ar produces 


At = 
sr (63) 


where gis, is the mean flow of heat at the surface of the body determined as an arithmetical mean 
of the beginning and end value of q, for the interval of time Ar. 

Fig. 6 shows the results of the calculation of the heating of a cylindrical body 400 mm in 
diameter at a furnace temperature of 1200° and a = 200 cal/m? hr. 
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EVALUATION OF THE ERROR OF THE METHOD USED 


For the purpose of establishing the errors liable in the method used we will consider the pro- 
cess of transformation in a flat semi-infinite body at constant surface temperature. The approximate 
solution obtained for this case may be compared with the well-known classic solution of the pro- 


blem by Stefan [5]. 
The symbol s shall be the depth of the layer in which transformation is taking place, q, and 


q, represent the specific flow of heat in heating and in transformation (Fig. 7). Using the system 
set out above for the solution of the problem, we get the following formula for the rate of heating 


of the layer 


= 


(64) 


q2 


Cust 


= 


where C, ,; is the conditional specific heat of the elementary layer taking into account the latent 
heat of transformation: 


Cus + ‘oo ‘sre (66) 


The mean temperature of the elementary layer ¢,,, is equal to 
Inserting (67) and (66) we get 


For the regular period of the process we get 


qs 


ds 


The difference in temperature in the first layer is equal to 
(qi + 
At=@ tals (70) 


Inserting (68) and (70) into (69), after conversion we get the equation for the determination of the 
flow of heat g, 
12h2p 


+—q2—At=0. 


(71) 


From which 
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The differential equation for the process of heating will have the form (42), where 


(73) 
The mean temperature of the first layer t,,) is equal to 
ter, = (91 — 92) 5 
2h 6h (74) 
Inserting (72), (73) and (74) into (42), after integration we get 
2Var, (75) 


where 


1 1 2 p 1 
CAt 
| (76) 


In the solution of Stefan’s problem in the absence of superheating [5] the parameter is determined 
as the root of the transcendent equation 


(77) 
where 
fe" du. 
V= (78) 


The results from calculations by formulae (76) and (77) indicate that the method used is sufficient- 
ly satisfactory for the solution of technical problems. 


Translated by V. Alford 
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THE CHANGES IN FINE CRYSTAL STRUCTURE ON THE DISINTEGRATION OF THE 
SATURATED SOLID SOLUTION NICKEL-CHROMIUM-ALUMINIUM-TITANIUM * 
V.G. ChERNYI 
Institute of Metallophysics AS Ukr. S.S.R. 
(Received 25 May 1957) 


The fine crystal structure, change in the lattice parameter and hardness on ageing of the alloy, 
nickel-chromium-aluminiumetitanium, have been investigated. The constitution has been studied of 
the intermetallic phase which separates on disintegration. It has been established that the increas- 
ed hardness of this alloy on ageing is not connected with the resulting distortion of the crystal lat- 


tice of the second type. 


As a result of X-ray analyses conducted inrecent 
years the nature, and many details of the structure, 
of metals in a strain-hardened state have been 
studied [1-5]. It has thus been established that it 
is characteristic of the majority of deformed pure 
metals and alloys for there to be distortion of the 
second and third type and small fields of coherent 
dispersion of the X-rays. On heating, the fine crys- 
tal structure and mechanical properties of cold he 
formed metals and alloys undergo a change in the 
direction of the state which is characteristic of 
undeformed materials. A similar regularity has been 
observed in studying hardened steels. 

This paper is devoted to the study of the changes 
in the fine crystal structure and hardness, on the 
disintegration of the creep-resisting alloy Ni-Cr 
with Ti and Al. 


MATERIAL AND METHOD OF INVESTIGATION 


An alloy of nickel-chromium-aluminium-titanium 
with the following chemical composition was se- 
lected for this study: 19.55% Cr, 0.59% Al, 2.38%Ti, 
0.035% C, the rest Ni. After extraction the alloy 
was forged into bars. Cylinders were cut from the 
bars, with a diameter of 9.5 mm and height of 15mm, 
and were given a homogenizing treatment at 
1100° for 20 hr. After this treatment, the testpieces 
were deformed by uniaxial compression by 75 per 
cent, as the study of the width of the interferenti- 
al lines on the X-ray pictures requires rather a 
small grain size. The deformed testpieces were 


heated to 1080°, held 1.5 hr and then cooled in 
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water. This treatment (quenching after plastic de- 
formation) produces a structure which has continu- 
ous lines on the X-ray screen. 

The hardened blanks were heated for the same 
amount of time (4 hr) at various temperatures (400- 
950°) and for different lengths of time (up to 25 hr) 
at 700 and 800°. After the final heat treatment the 
blanks emerged as testpieces for the study of the 
constitution of the a-phase, stress of the second 
type, the size of the mosaic blocks of the basic 
solid solution and the change in the lattice and 
hardness parameter. 

The constitution of the intermetallic phase form- 
ed on the disintegration of the alloy was investigat- 
ed on powders produced by electrolytic dissolution. 
Three types of electrolyte were used. No. 1 was 
composed of citric acids 10g, sulphate of ammonia 
10g, and water 1000 ml. [6]. No. 2 — solid acetic 
acid 50 ml, concentrated nitric acid 100 ml. water 
1000 ml. The best results were obtained with No.3 
which was mixture of Nos. 1 and 2 (3:1). The 
anodic dissolution conditions were — current densi- 
ty 0.1 A/cm?, voltage 20-25 V, time 1.5-2 hr. From 
the poders resulting in the a@’phase, cylindrical test- 
pieces were made in the following way: the powder, 
mixed with Ramsay paste, was packed into a glass 
cylinder with a dia. of 0.8 mm, and then half of it 
was pushed out. Radiographs were made in a an 
instrument with a barrel dia of 57.2 and 150 mm, on 
cathode ray tubes with copper radiation. 

For the determination of distortion of the second 
type, the dimensions of blocks D and the permament 
crystal lattice of the solid solution, X-rays were 
taken of the cylindrical testpieces 0.5 mm in dia, 
in the camera with the 150 mm drum in copper illu- 
mination. The film was loaded asymmetrically into 
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TABLE 1. Results of the X-ray analysis of the intermetallic phase 


Heating temperature 
°C 


Bist radians 


Precipitates separated, whose structure 
could not be determined 


0.0315 0.53 
0.0125 1.3 
0.0077 
0.00485 
0.0185 


7 
0.0245 8 


a’ phase could not be separated 


the camera. 
The dimensions of the a’-phase blocks were de- 


termined from the width of line (111), values Aa/a 
and D of the basic solid solution from the width of 
lines (111) and (331). The crystal lattice period 
was calculated from the distance between the lines 
(420). Photometering of the X-ray photograph was 
carried out on microphotometer MF-2 with a magni- 
fication of x 21. 

Insertion of corrections for the width of the inter- 
ferential lines on the Ka-doublet and the geometry 
of the picture, as also calculation of the size of 
the areas of coherent dispersion, were all effected 
in the manner described in papers [7-9]. 

We must point out that, in our case, the true width 
of the lines was calculated with the aid of the 
formula 8? = B? — b? (B — width of the line correct- 
ed for non-monochromatic radiation, b — width of 
the line in a standard testpiece). The size of the 
areas of coherent dispersion and the value for dis- 
tortion of the second type were obtained from the 
equations: 


2 
4tg $ ‘ (1) 


in which A is the wave length, 6 the angle of re- 
flection, m — diffusion of the line due to dispersion 
of the blocks (on radiographs of the isolated a’- 
phase, m = 8; n = the diffusion caused by the pres- 
ence of distortion of the second type. 

Hardness was measured on a Rockwell machine 
with a diamond cone and 60 kg load (scale A). 


THE RESULTS OF THE INVESTIGATION 


a) The constitution of the a’-phase separated on 
disintegration. 
Analysis of the X-ray photos of precipitates 


obtained by anodic dissolution have shown that, in 
all the cases we have investigated, the only phase 
separated is that which has a face-centred cubic 
lattice. As we know, this phase answers to formula 
Ni,(Al, Ti) [6]. 

If the heating temperature is raised to 850°, the 
width of the lines on the X-ray photo is consider- 
ably reduced. The width of line (111) for this inst- 
ance shows that there is a reduction from 0.916mm 
at 700° to 0.268 mm at 850°. Further heating at 900 
or 910° causes the lines to expand again; et 900° — 
Bi2m = 0.568 mm, at 910° — B;,,, = 0.728 mm. At 
temperatures below 700° (600, 650, 675°) and above 
910° (920 and 950°) it is not possible to separate 
the a’-phase. It will be seen from Table 1 that a 
rise in temperature from 700 to 850° leads to an 
increase in the size of the blocks of a’-phase in 
the alloy, amounting to almost 7 times. Thus, while 
at 700° D = 0.53 x 10°* cm, after heating at 850° 
D =3.4 x 10° cm. With further increases in temper- 
ature the size of the blocks is reduced, at 900° 
D = 0.97 x 10° cm, and at 910° D= 0.68 x 10° cm. 

From Table 2 and Figs. 1 and 2 it can be seen 
how the size of the areas of coherent dispersion of 
the a’-phase changes at 700 and 800°. 

The change takes place in the same way for both 
temperatures, the blocks gets larger with continua- 
tion of the holding time. 

b) The fine crystal structure of the basic solid 
solution. 

Study of the interference pictures has shown that, 
in all the radiographs made from the solid lines, 
only the lines of the face-centred lattice are pre- 
sent — (111), (200), (220), (311), (222), (400), (331) 
and (420). On the radiographs both of the quench- 
hardened alloy and also when tempered at 400, 500, 
600, 700, 750, 800, 850 and 900°, all the lines from 
(220) to (420) are clearly divided into component 
doublets Kg, and Kg,. At higher temperatures spots 
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TABLE 2. Results of the X-ray analysis of the intermetallic phase 


D- 1078, 


cm 


Heating time, hr 


700° 


qn 


© @ © © © Gi 


a’-phase could not 
be separated 


te 


G2 00 


wo. born 


10 46 20 


Time hr 


25 


FIG. 1. The change in the size of the a”-phase blocks 


(D), the crystal lattice parameter (a) and hardness 
(Hr A at 700°. 


appear on the lines. In radiographs of testpieces 
heated at 500 and 600°, the later lines are some- 


what diffused but the doublet still remains separate. 


Microphotometry confirms the results of a visual 
analysis of the interference picture which was: line 
(331) on the radiograph of the alloys tempered at 
500 and 600° is wider than that for a quenched 
piece. After quench-hardening the width of compon- 
ent Ka, of line (331) is 0.659 mm, after heating at 
500° the width of the line is 0.905 mm, and after 
heating at 600° — it is 0.97 mm. The change in the 
width of line (111) lines is in the region of possible 
error. 

Calculations carried out on the width of lines 
(111) and (331) show that heating at 500 to 600° 
leads to an increase in the heterogeneity of the pa- 
rameter of lattice Aa/a. At other heating tempera- 
tures and in a quenched state Aq/a is virtually 
equal to zero (Table 3). 


12 16 20 
Time hr 


2 


FIG. 2. The change in the size of the a”-phase blocks 
(D), crystal lattice parameter (a) and hardness 


(HR ,) at 800°. 


Determination of the size of the areas of coherent 
diffusion of the X-rays has shown that if the alloy 
is heated right to 850° they do not alter in size. 

c) Measurement of the crystal lattice period of 
the solid solution on heating. 

The results of the analysis of the parameter of 
the lattice are given in Figs. 1, 2, 3. 

Fig. 3 shows how the crystal lattice parameters of 
the alloy change when it is heated from 500 to 
950°. In the quench-hardened alloy the lattice para- 
meter is equal to 3.5557 A. Heating to 500-600° 
leads to practically no change in the parameter. In 
the region of 600-800° the constant of the crystal 
lattice is appreciably reduced, and at 800 reaches 
3.5527 A. Above 800° the parameter starts to in- 
crease and after heating at 950° a = 3.5546 As 
nearly the same figure as that typical of the quench- 
hardened state. 

The data concerning the change in the parameter 


60 
| 800° 
_ 
0.53 
0.92 
1.05 
1.15 
1,15 || 
IS 
aA pot = p= 
3.593 
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TABLE 3. Results of the X-ray analysis of the solid solution. 


Aa —3 
Heating temp. °C Dx107° cm 
Quenching 6.5 0.2 
400 6.8 
500 6.9 
609 5.9 0.9 
650 
700 0.38 
750 — 
800 6.8 0.25 
850 
900 = 
925 
950 


55 6 
} 100 200 300 400 300 600 700 800 900 


FIG. 3. The change in the characteristics of the alloy in connexion with heating temperature: 


iz, 3-a; 5 Ding! 9—HR ,: 


to fall and at 900° it is the same as for the quench- 
hardened alloy. 
Figs. 1 and 2 give data concerning the change 


of the lattice at constant temperature related to 
holding time, are given in Figs. 1 and 2. These 
data show that in the beginning, at low positive 
temperatures, the parameter quickly grows less, in hardness in relation to holding time at 700 and 
after which no change can be brought about, even 800°. The alloy reaches maximum hardness at 700° 
after 24 hr soaking. At the absolute value, the cons- after 20 hr heating 

tant of the lattice after 25 hr heating at 800° is less 


than at 700° (at 800° a = 3.5525 A and at 700° (HR , = 67.5); at 800° after 1.5 hr HR = 62.6. 
a = 3.5530 A. 

Table 4 shows the constants of the basic solid Further continuation of the heating up to 25 hr 
solution and a’-phase lattices after the same heat produces no change, neither at 700° nor 800°. 
treatment. 

d) Changes in hardness on disintegration. Fig. 3 EVALUATION OF THE RESULTS 


shows how the hardness of the alloy changes with 
increased temperature. Heating up to 600° does not Examination of electrolytically separated preci- 
produce any change in the hardness. At 600° and pitates has shown that in all cases, on the disinte- 
over, the hardness grows, reaching the maximum at gration of the quench-hardened alloy Ni-Cr-Al-Ti, 
700° (66.3 units). Above 700° the hardness starts only the intermetallic phase is separated out, with 


6l 
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TABLE 4. The results of radiographic analysis of the parameters of the crystal lattices 
of the solid solution and the intermetallic phase 


Heat treatment Lattice period Lattice cycle A 


Quenching a’-phase 


3.5843 


Heating at 800°, Solid solution 3.5525 


for 25 hrs 


face-centred cubic lattice answering to the formula 
Ni, (Al, Ti) [6]. The value of the constant of the 
crystal lattice of the a’-phase is higher than that 

of the solid solution (see Table 4). This is connect- 
ed with the fact that the a’-phase is enriched to a 
greater extent by Ti and Al than the solid solution 
(see paper [1] and our data on the change in the 
parameter of the lattice). 

Table 1 and Fig. 3 give data which show how the 
size of the blocks of phase Ni; (Al, Ti) alter in 
relation to the heating temperature. The growth of 
the a’-phase blocks is quite regular from 700 to 
800° and is easily understood (at temperatures of 
700° and over perceptible diffusion processes com- 
mence and coagulation begins). 

The refinement of the a’-phase blocks observed 
after heating at 900 and 910° may be explained in 
the following way. While being heated at 900-910° 
the alloy is close to the limit for the solubility of 
aluminium and titanium by the nickel (two factors 
indicate this: 1) at 920-950° the parameter is approa- 
ching the original state and 2) after heating at 920- 
950° the a’-phase can no longer be separated out 
from the alloy). Therefore, despite the fact that at 
900-910° diffusion processes are taking place at a 
considerable rate, the degree of saturation of the 
alloy is low and the thermodynamic conditions are 
such that,although a’-phase particles are being 
formed, their growth is exceedingly small and after 
4 hr (holding time at 900 and 910°) their size is not 
significantly larger. 

We will now look at the results of the study of 
the kinetics of growth of the a’-phase blocks after 
heating at 700 and 800° (see Table 2 and Figs. 2 
and 1). These figures show that the relative change 
in the size of the blocks at one and the same inter- 
val of time but at different temperatures, is not the 
same. At lower temperatures the blocks begin to 
increase in size rapidly, after which their growth 
slows down. At higher temperatures the curve of 
growth reaches saturation after longer holding 
times. The relative change in the size of the 
a’-phase blocks is greater where the heating 


temperature is higher. Let us turn to the corres- 
ponding data. After heating at 700° the crystals of 
phase Ni, (Al, Ti) grow from 0.53 x 10° cm after 

4 hr holding time to 1.15 x 10% cm after 25 hr hold- 
ing. At 800° the relative change in size is greater 
(0.82 x 10°° cm after 15 min heating and 3.44 x10~ 
after 25 hr). 

Similar qualitative regularity has been observed 
in studying the kinetics of the process of carbide 
formation in carbon and alloy steels [10, 11]. 

In the quench-hardened state heterogeneity of the 
lattice parameter is practically non-existent 
(0.2 x 10°*), Aa/a is not subject to change and after 
heating at 400° it is (0.25 x 107°). Heating at 500 
and 600° causes the value Aa/a to grow in the 
basic solid solution (at 500° Aa/a = 0.75 x 10° 
and at 600 Aa/a = 0.8 x 1078). With further increases 
in temperature the distortion is reduced and at 800° 
the value is 0.25 x 10°. 

The question arises as to whether the growth in 
Aa/a observed after heating at 500 and 600° is the 
result of elastic distortion of the lattice (distortion 
of the second type). It is impossible to supply a 
precise answer to this question. The growth of 
Aa/a on the disintegration of the saturated solid 
solutions may be due to elastic distortions of the 
lattice [12, 13]; it might also be the result of con- 
centrated heterogeneity of the solid solution. The 
more probable cause for the growth of Aa/a after 
heating at 500 and 600° is the development of heter- 
ogeneity in the solid solution through concentration. 
The reduction of static and dynamic distortions de- 
tected in the alloy Ni-Cr-Al-Ti after heating at 500 
and 600° rather indicates this [14]. The changes in- 


dicated 
VE 


are evidence of the redistribution of the atoms of 
the alloying elements in the solid solution. 

The regions of coherent diffusion of the basic 
solid solution, as already mentioned, do not change 
in size when heated right up to 850°. 
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From the analysis it is possible to establish the 
fact that (see Fig. 3 and Tables 1-4) the high me- 
chanical strength (hardness) after heating in the 
region of 700-750° is connected neither with the 
second-type distortion of the lattice of the basic 
solid solution, nor with the refining of its blocks. 

In fact, at the temperature mentioned, second type 
distortion hardly exists. 

The great hardness of the alloy cannot be explain- 
ed by an increase in third type distortion 


Vi, 


shown in Fig. 3 and taken from paper [14]), as the 
distortion after heating at 700-750° is less than after 
quench hardening. It is true that the possibility is 
not excluded that, on the disintegration of the alloy, 
these distortions in the places where separation of 
the a’-phase occurs, are considerably higher than 
the average figures obtained in paper [14], and that 
this localization may lead to an increase in the 
hardness of the solid solution. 

It is also impossible to explain the increase in 
hardness by a change in the forces united in the 
lattice of the solid solution, as after heating at 
700-750° the dynamic distortion is considerably 
higher than after quench hardening. 

The main factor leading to an increase in the 
hardness of the alloy after heating in the region of 
700-750° is the formation of a large number of finely 
dispersed secondary phases of the a’-phase. 

The increased hardness of the quench-hardened 
alloy on heating in the 600-700° range also appears 
to be attributable to the appearance of the second- 
ary phase. 

This is indicated by the changes in the values 


Aa 
tq@ 


Further data, obtained from a study of the proper- 
ties of the alloy related to holding time at 700 and 
800° (see Figs. 1 and 2 and Tables 1-4) pointed to 
the main part played by the a*-phase in the increase 
in mechanical strength. It has already been men- 
tioned that after a 4 hr holding time atthese temper- 
atures second-type distortion in the lattice of the 
solid solution is nil. The absence of distortion 
after long soaking is indicated by the sharp separa- 


tion of the Ka doublets in the lines of the radiograph. 


There is no change either in the blocks of solid 
solution after heating at 700 and 800°. Evidence of 
this is the fact that even when the alloy is heated 
for 4 hr at 850° the blocks remain the same as in 
the quench-hardened state. 


Can the great hardness of the alloy be explained 
in the same way where it contains a finely dispers- 
ed intermetallic phase ? The answer to this quest- 
ion may be found if use is made of current informa- 
tion on the processes of plastic deformation [15, 4, 
5]. The separation of the finely dispersed second- 
ary phase on the disintegration of the saturated 
solid solutions cause dislocation of the proper 
structure of the crystal lattice of the basic solid 
solution. The places where these dislocations occur 
are, at the same time, the places where the first 
germ of plastic deformation emerges and the places 
where its expansion is prevented. The greater the 
number of these points of dislocation, the greater 
will be the number of emerging plastic deformations, 
the smaller the number of atoms taking part in each 
separate act of deformation and the larger the num- 
ber of atoms taking part in the resistance to extern- 
al force. On the disintegration of alloy Ni-Cr-Al-Ti 
a large amount of the finely dispersed intermetallic 
phase is separated. Particles of this phase cause a 
large number of dislocations in the solid solution, 
of the correct lattice structure. It is precisely this, 
in connexion with the above, which explains the 
increase in the hardness of the alloy with the re- 
sulting separation of the a’-phase. 

What is the connexion between the hardness of 
the alloy, and the size and number of the blocks of 
phase Ni; (Al,Ti) ? We know from various works 
L6, 16] that the maximum amount of a’-phase is se- 
parated on disintegration in the region of 700-750°. 
It is this same temperature which, according to our 
data, is responsible for the great dispersibility of 
the blocks and for the maximum hardness. At higher 
temperatures of disintegration, the number of phases 
in sharply reduced; up to 850° also, the size of the 
a’-phase particles increases and hardness is re- 
duced. It seems that the refinement which takes 
place around 900-910° must lead to a renewed growth 
in hardness. This, however, does not occur, owing 
to the sharp reduction in the number of intermetallic 
phases. 

We wish to express out thanks to Academician 
G.V. Kurdyumov and L.G. Khandros for their valu- 


able advice in completing this work. 


CONCLUSIONS 


1. On the disintegration of quench-hardened alloy 
Ni-Cr-Al-Ti only the intermetallic face with a face- 
centred cubic lattice is separated, the parameter of 
which is greater than that of the lattice of the basic 
solid solution. 

It was possible to separate the a’-phase electro- 
lytically after heating the alloy in the regions of 
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700-910° (holding time at each temperature was 
4 hr). 

At first, after heating at 700-850° blocks of phase 
Ni, (Al, Ti) grew larger and then, after heating at 
900 and 910° they reduced again in size, having 
reached at 910° a value close to that of the blocks 
of a’-phase when the alloy was heated at 700°. In 
this paper an explanation is put forward for the mark- 
ed refinement of the intermetallic phase blocks. 

2. A study of the fine crystalline structure of the 
alloy has shown that, after heating in the region of 
500- 600°, the value Aa/a increases. This may be 
the result of the emergence of elastic distortion of 
the crystal lattice, as also of the concentrated 
heterogeneity of the basic solid solution. The more 
probable cause is the appearance in the alloy of 
heterogeneity in concentration. 

The areas of coherent diffusion of the solid solu- 
tion do not change in size on heating up to 850°. 

3. From these investigations and from the data on 


changes in the forces of bonding and distortion of 
the third type [14], the conclusion may be drawn that 
the increase in hardness in the alloy nickel-chrom- 
ium-titanium is not connected with the emergence of 
distortion of the crystal lattice of the secondary 
type nor with the change in the strength of the bond 
in the lattice of the basic solid solution. The in- 
crease in hardness in our case was not accompanied 
by a change in the size of the areas of coherent 
diffusion. It is possible that the latter is connected 
with the smallness of the mosaic blocks in the 
initial state. 

The increase in hardness is due to the emergence 
of submicroscopic and concentrated heterogeneity 
in the alloy in the course of the process of disinte- 
gration of the solid solution. 


Translated by V. Alford 
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THE MECHANISM OF BRITTLE FRACTURE IN STEEL IN A NOTCHED BAR 
IMPACT BENDING TEST * 
B.S. KASATKIN 
Institute of Electric Welding AS, Ukr. SSR 
(Received 1 June 1957) 


It has been shown that brittle fracture of steel is preceded by local plastic deformation. The 
micromechanism of brittle fracture of steel has been described; its development proceeds in the 
following stages: breakdown of the grains, local slip of the grains in relation to each other, and 


the formation of twinning and micro-cracks. 


Local plastic deformation on the actual base of the notch has no appreciable effect on brittle 
fracture. Brittle fracture is composed of two stages: in the first stage a series of micro-cracks 
develop, and in the second — that of the fracture itself — the main fracture progresses along the 


path of the series of micro-cracks. 


In real crystals, resistance to fracture is much 
less than in theory. The great divergencies in the 
figures for resistance to fracture have caused re- 
search workers to believe that strength is depend- 
ant on defects of structure. ‘This point of view re- 
garding the causes of the lowered technical strength 
of solids was first propounded and developed by 
Griffiths. 

Attempts were made to use this theory also for 
the explanation of brittle fracture of metals. How- 
ever, the problem of the fracture of amorphous 
materials on the one hand, and metals on the other, 
must be resolved in two different ways, and this 
difference is due to the substantially different plas- 
tic properties of the materials. In the problem of 
fracture the most important factors are: 1) the dif- 
ferent influences of temperature on the resistance 
of the material in question to plastic deformation 
and 2) the differences in the evenness of the course 
of plastic deformation [1]. 

In amorphous materials plastic deformation at re- 
duced temperatures may be excluded. If there is no 
plastic deformation it is not possible to remove 
local concentrations of stress. As a result of this 
even a small scratch may cause concentrations of 
stress which exceed the strength and consequently, 
lead to local fracture. 

On the other side, in metals, resistance to plastic 
deformation does depend to a small extent on tem- 
perature. Passing fro: room temperature to 10°K the 
yield point of a metal increases by not more than 


* Fiz. metal. metalloved., 8, No. 1, 75-84, 1959. 


5 times [1]. It has been shown by experimental data 
that brittle fracture is bound to be accompanied by 
local plastic deformation [2, 3, 11]. For this reason, 
Griffiths’ formula for calculating the brittle fracture 
resistance of amorphous bodies cannot be directly 
applied to metals. 

The question arises, in what way, once there is 
local plastic deformation, does the stress in the 
root of the notch increase to the level of resistance 
to embrittlement and cause fracture ? 

Several theories have been put forward to explain 
this fact. In recent years particular attention has 
been paid to the theory of “strain hardening” [2], in 
accordance with which it has been suggested that 
the plastic deformation in the root of the notch and 
the strain hardening associated with it, cause the 
tensile stresses to increase to the value necessary 
for brittle fracture. In this case it is suggested that 
the strain hardening should permit an increase in tri- 
axiality as a result of increased concentration of 
stress in the root of the notch. 

According to Davidenkov, brittle fracture always 
begins with ductile cracks which give rise to a 
marked concentration of stress and a volume/stress 
state in the apex [4]. The latter causes a rise in 
resistance to further mechanical deformation and the 
stress grows according to the depth of the crack. In 
these circumstances the stress reaches the same 
level as the technical cohesive strength and the 
ductile cracks are discreetly transformed into rupt- 
uring cracks which increase the concentration of 
stress. The jump in stress caused by this increase 
in concentration, alters the course of the fracturing 
process, as no further external application of force 


65 
VOL. 
8 
| 


66 Mechanism of brittle fracture in steel 


is required to increase the depth of the brittle 


crack. 
Special significance has been attached by Orowan 


[5] and Irving [6] to the increased rate of deforma- 
tion in brittle fracture on the grounds that the rapid 
distribution of the ductile cracks is the cause of 
their transformation into brittle ones. However, ac- 
cording to Davidenkov, this proposition is not sound, 
as for the rapid dissemination of ductile cracks it 
is necessary to have rapidly progressing plastic 
deformation, which is not possible without a simi- 
larly rapid increase of external force; meanwhile, 
the transformation of ductile cracks has also been 
observed at quite small speeds such as those ap- 
plied, for instance, by a Gagarin press. 

At the moment it is considered that the conditions 
for the propagation of brittle fracture are based on 
the energy conditions of Griffiths, with the varia- 
tion according to Orowan [5], regarding the plastic 
deformation of the layer of metal next to the sur- 
face, which forms new cracks. From this point of 
view, the rapid spontaneous propagation of brittle 
cracks may be explained by the comparatively 
small depth of plastic deformation [2, 5). 

From all this it is clear that there is still much 
that is unexplained in the problem of the origin of 
brittle fracture. It seems therefore, that the study 
of the micromechanism of brittle fracture and even 
more, of its initial stages, may prove of consider- 
able use. 


THE CAUSE OF MICROCRACKS 


We studied the micromechanism of brittle fracture 
by examining its separate stages in impact bend 
tests on prismatic testpieces 10 x 10 x 55 mm with 
a standard notch and with V-shaped notch 2.0 mm 
deep with a bottom radius of 0.25 mm. The test- 
pieces were of steel A — open-hearth steel M18kp 
after heat treatment (heating to 1100° 1.5 hr, cool- 
ing in the furnace), steel B — standard hot-rolled 
Bessemer steel Bl16kp 18 mm thick and steel C — 
forged blanks 16 mm thick, of technical iron. 

The method used for the study of the individual 
stages of brittle fracture was that of testing the 
pieces in a ring [7]. By the use of special rings it 
was possible to bring about deformation of the test- 
pieces in a notch bend test at a predetermined 
point. 

The investigations were carried out as follows. 
The testpieces, together with the ring, were cool- 
ed to a temperature 20-15° below critical point of 
brittleness for the materials in question. This had 


been previously established by an impact toughness/ 


temperature diagram. After this the testpiece was 


quickly transferred in the ring to a Charpy impact 
machine and deformed by blows of the hammer 

(15 kg). The extent of deformation was determined 
from the angle of transverse bend and the deflexion 
of the piece. 

It was established by preliminary tests that there 
was a definite value for deflexion below which the 
testpieces are liable to plastic deformation without 
visible signs of fracture. This value is to a consi- 
derable extent determined by the angle of the notch. 
In testpieces with standard notches brittle fracture 
was observed with the characteristic instantaneous 
propagation of the crack and breakdown of the crys- 
tals at a deflexion of 0.7 mm or more and angle 
of bend over 3 to 4°. In testpieces with V-shaped 
notches on the other hand, this occured at a de- 
flexion of over 0.3-0.4 mm. 

The experiments were commenced with the study 
of the “prefacture” stage. For each series of test- 
pieces a value for deflexion on impact bending was 
selected close to that at which brittle fracture may 
be observed. From each deformed testpiece a longi- 
tudinal specimen was taken from across the centre. 

From the metallographic examination of these 
specimens it was possible to establish the existen- 
ce of twinning and of microcracks in the micro- 
spaces arranged below the notch (Fig. 1). The twin- 
ning and microcracks were as a rule observed in 
those sectors at some distance from the bottom of 
the notch. At the bottom itself no signs were 
visible. 

Local X-ray structural analysis of the specimens 
after electrolytic polishing showed that preliminary 
deformation in the “brittle state” produces a defini- 
te change in the interference picture on the radio- 
graph. The X-rays were taken on a special instru- 
ment by the back reflection method which gives a 
dia of 0.10-0.20 mm to the exposed spot [3]. X-rays 
were made of sectors; right at the notch, 1.5-2.0mm 
and a considerable distance, from it (Fig. 2). 

X-rays of the undeformed sector (a long way from 
the notch) consist of a number of interference spots. 
A similar X-ray was made of the sector immediately 
at the base of the notch; only a small tendency to 
broadening was noticed in the spots. In the sectors 
1.5 mm and more from the notch the interference 
spots were fewer and more widely spaced and in 
some cases were already in the stage of transition 
to interference line. This is a sign of the more in- 
tensive breakdown of the grain and accumulation of 
microstresses in these sectors. 

For a more detailed study of the mechanism of 
brittle fracture we concentrated on some typical 
cases of microfracture. 

Fig. 3 shows a photomicrograph of a grain in which 
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FIG. 1. a — brittle “prefrature of a testpiece of steel C with V-shaped notch 
(longitudinal notch down centre of piece, deformation in a ring 
at -40°, deflexion 0.3 mm, x 54); " 

6 — micro-cracks and twins 1.2 mm from the bottom of the notch, 


x 300; 
c — group of twins 2.1 mm from bottom of notch, x 300. 


FIG. 2. X-ray photogram of a steel C testpiece (V-shape notch), 
prior to deformation in a brittle state 
a — a long way from the notch; 
b — below the notch; 
c — 1.55 mm from bottom of notch (in a vertical direction. 


direction of development of microcracks and twins. 
However, in both cases the angle between these 
directions is the same, 30° in this instance, which 
is very close to the angle (cos a = 21 \/6) between 
the crystallographic planes (112) and (001) of which 
(in cold shortness conditions for alpha iron) the 


there is a chain of microcracks and a series of 
parallel bands connected by twinning to the plastic 
deformation which preceded the formation of the 
microcracks. The grain is divided into two halves 
by distinct boundaries between the sub-grains. 
Each half of the grain has a typical well-defined 
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FIG. 3. Elementary slip and series of microcracks 
in ferritic grain. Steel C, x 850. 


first is the twinning plane and the second, the 
plane of rupture. 

In certain circumstances the boundaries between 
the sub-grains and the twins may prevent the form- 
ation of microcracks, resulting in their formation in 
stages. This is clearly visible from Fig. 4 which 
shows microcracks which have progressed in stages. 
It is easy to see that the stages fall in the direction 
of the twinning. In this case the angle between the 
direction of twinning and the microcracks is 37°, 
which is also very near to the angle between the 
planes (112) and (001). In certain cases, delay in 
the development of microcracks at the boundaries 
of the sub-grains may lead to the development of 
considerable local plastic deformation (Fig. 5). It 
is also characteristic that, in the case in question, 
local plastic deformation developed in that part of 
the grain where etching had revealed a very small- 
celled sub-structure the formation of which is ap- 
parently connected with the considerable breakdown 
(formation of blocks) of the grain. 

Fig. 6 shows a case of fracture with slip (actually, 
twinning), originating from the junction of three 
grains. The wedge shape of the twin is clearly vis- 
ible in Fig. 6,b which was photographed using a 
slightly different range and focus from that in Fig. 
6, a in which the cracks and grain boundaries are 
clearly visible. The direction of twinning coincides 
with the boundary between the two adjacent grains. 
It appears that both the twinning and the micro- 
crack were caused by the intermingling of adjacent 
grains along their boundaries, continuation of which 
led to twinning. 

The role of the twins is interesting as, at the 
same time, they both promote the formation of micro- 
cracks, and prevent their spread. Fig. 7 shows a 
case of the prevention of a microcrack in a grain 


FIG. 4. Elementary slip and microcracks in ferritic 
grain. Steel C, x 750. 


FIG. 5. Microcrack passing into local plastic deformation. 
Steel C. Subgrain boundary indicated by arrows, x 750. 


by twins one of which, the shorter, is apparently 
responsible for its beginning. In this same grain 
there is a series of microcracks lying at an angle of 
90° to each other. 

Thus, in the stage of brittle “prefracture”, break- 
down of the grains (block formation), local slip along 
grain boundaries, twinning and formation of micro- 
crack, are observed in the most favourable orientat- 
ed micro-spaces some distance from the notch. 

The process of twinning is particularly notice- 
able in brittle fracture. Concerning this the hy- 
pothesis has been put forward, that brittle fracture 
of metals subject to cold shortness is due to their 
ability to undergo mechanical twinning [8,9]. Re- 
cent researches however, throw doubt upon the 
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FIG. 6. Local slip from the junction of three grains and microcrack along the grain. Steel C: 
a — clearly visible boundaries between grains, and microcracks. 
b — microscope setting altered to bring out twins formed from junction of 


3 grains, X 334. 


FIG. 7. Two twinning pairs with microcracks between. 
Several intersecting microcracks starting from the 
boundaries. Steel B x 300. 


accuracy of this proposition [10]. 

The examinations we carried out on a large num- 
ber of metallographic specimins taken from the 
testpieces at the pre-fracture stage, provide a basis 
for the suggestion that it is the breakdown (form- 
ation of blocks) of the grains which is the driving 
factor. In many cases in which no intensive twinning 
was observed even after brittle fracture, the process 
of breakdown was clearly visible *. 

Breakdown of the grains also occurs in ductile 
fracture. In this respect it is particularly interest- 
ing to compare X-rays of brittle fracture with those 
of testpieces loaded a little above their yield point 


(2 - 4% elongation). The X-rays have this in com- 
mon that in Toth cases there is breakdown of the 


grain. However in the first case the breakdown 


* There are two points of view on the nature of grain break- 
down: the first, put forward by Stepanov, is based on the 
loss of elastic rigidity of the structure[11], and the sec- 
ond, on adislocation mechanism [12]. 
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FIG. 8. Microhardness (50 g) of grains at various dist- 
ances from the surface of brittle fracture (longitudinal 
section through the centre of the piece of Bessemer 
steel, a, = 0.8 kgm/cm?). 


includes practically all the grains (equal broaden- 
ing of the individual interferential spots) at the 
same time as, with brittle fracture, diffraction broad- 
ening is disimilar, which is a sign of great irre- 
gularity in degrees of breakdown of individual 
grains. 

Microhardness checks have revealed that with 
brittle fracture there is a noticeable hardening of 
the grains around the fracture (Fig. 8). With plastic 
deformation (load a little above yield point), besides 
the hardening of the grains, to a small extent hard- 
ening of their boundaries has been observed [13]; 
it appears that in both cases, hardening of the 
grain is connected with the process of their break- 
down. Hardening of the boundaries proceeds by 
virtue of the plastic deformation which is connected 
with the reversal, interchange of grains relative to 
one another [13]. This also occurs in britile fract- 
ure but to a much lesser extent. 

The micromechanism of brittle fracture may be 
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FIG. 9. Series of microcracks in a notched testpiece 
at the commencement of total fracture. Steel C, 
deformation in the ring at — 40°. 


presented in the following way. 

Under the action of the applied load, shearing de- 
formation starts up in suitably oriented grains, ac- 
companied by breakdown of the grains (Block form- 
ation), leading to a change in their form. This in 
its turn, leads to intermingling of the original grains 
along their boundaries. The low temperature and 
high rate of deformation lead to an increase in re- 
sistance to slip along the boundaries, which causes 
an increase in the stresses required to promote 
slip between the grains. The most favourable condi- 
tions for the formation of the precursors of fracture 
(twinning and microcracks) arise under the action of 


local loads [11]. Where the metal is in a “brittle” 
state high stress concentration may result in the 
slowing down of slip. The manner in which local 
stresses arise in the case of retardation of slip due 
to some obstacle (non-metallic inclusions, grain 
boundary, grain junction) has been described already 
by Zener [1]. According to this a concentration of 
stress arises at the point where the slip is impeded, 
which may lead to one of two consequences: 1) On 
reaching a value sufficient for the removal of the 
blockage and furtherance of the slip in the sector 
adjacent to that of the blockage or in some other 
favourable direction, twinning may be caused; 2) 
the concentration of normal stress may reach the 
critical point which leads to the formation of micro- 
cracks. 

As the twinning occurs as a result of high con- 
centration of stress and slip in the direction of the 
twinning plane, spread of the twinning ceases sud- 
denly when it comes up against an obstacle (non- 


metallic inclusions, sub-grain boundaries etc.) and VOL 
may also lead to high concentration of normal stres- 8 
ses and the formation of microcracks. Check in the 195 


growth of the microcracks may lead to considerable 
plastic deformation. 

The origin and growth of twins and microcracks 
is dependant on the extent and nature of distribu- 
tion of stresses which are to a very great extent de- 
termined by the orientation and anisotropic proper- 
ties of the crystal*, while this, in the case under 
review, may be substantially increased by the 
process of breakdown of the grain. 


THE DEVELOPMENT OF BRITTLE CRACKS 


It has been shown above that in the beginning 
stage of brittle pre-fracture, there is a characteris- 
tic appearance in the inner micro-spaces of the 
metal situated below the notch, of a series of micro- 
cracks about the size of one or two grains. With 
increase and prolongation of the external load, these 
microcracks extend further in pre-fracture conditions. 

Fig. 9 shows a typical photograph of internal 
cracks in a notched testpiece, just before the com- 
mencement of general brittle fracture. The testpiece 
became deformed in the ring in a “brittle” state. 

The distribution of separate internal cracks and the 
existence of necks between them consisting of par- 
tially deformed but not fractured grains, is evidence 
of their independent birth and growth. Another thing 
which attracts the attention is the presence of a 
series of twins and microcracks in each micro-space 


* A detailed analysis is given in the works of 
A.V. Stepanov [11]. 
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FIG. 10. Relation between impact toughness and the temperature of notched testpieces: 
1 — steel B in original state, standard notch; 
2 — steel B with preliminary deformation at — 45°. deflexion 0.6 mm; 
3 — steel B with preliminary deformation at 20°, deflexion 1.0 mm; 
4 — steel A in original state, standard notch; 
5 — steel A with preliminary deformation at — 40°, deflexion 0.6 mm; 
6 — steel C in original state, V-shaped notch; 
7 — steel C, V-notch, with preliminary deformation at — 30°, deflexion 0.25 mm. 


in the neighbourhood of the more developed cracks. 
It is beyond question that these microcracks arose 
at the same time as those which, under favourable 
conditions, subsequently achieve significant pro- 
portions. 

The size of the internal cracks just below the 
notch is also of interest. Immediately under the 
notch there are one or two comparatively short 
cracks, after that some rather longer ones. The 
length of the subsequent cracks gets progressively 
less as they get further away from the notch, and 
the length of the last cracks is equivalent to the 
width of one to three grains. So, with an overall 
length of around 5 mm (Fig. 9) for the cracks, the 
size of individual cracks (proceeding from the 
notch) is: 0.32: 0,68: 2.24: 1.04: 0.68: 0.36: 0.07: 
0.08: 0.05 mm. The same sort of thing has been 
observed in other testpieces deformed in similar 
circumstances. 

This illustration shows that the most intensive 
state of stress, sufficient to promote the origin and 
growth of internal brittle cracks, occurs at a dis- 
tance of about 1.5- 2.0 mm from the bottom of the 
notch. Conditions are quite different in the deform- 
ation in the thin layer of metal at the bottom of the 
notch. Here it is pure slip which develops, due to 


the surface distribution of the layer [4, 5, 7]. This 
slip in the surface layer, as may be seen from Fig. 
9, and the subsequent formation of ductile cracks, 
are directly connected with the extension of brittle 
cracking below this layer. Complete fracture of the 
testpiece starts with the formation of ductile cracks 
in the thin plastically deformed surface layer at 

the bottom of the notch, with subsequent extension 
through the series of cracks formed immediately 
before this event. 

The picture we have given above of the develop- 
ment of brittle fracture, establishes beyond doubt 
the validity of the proposition made earlier, that 
brittle fracture is due to the conditions in which 
local ductile fracture develops immediately round 
the notch. In fact, as may be seen from the experi- 
mental data, the dominant role in the process of 
brittle fracture is played by the conditions which 
determine the start and growth of internal cracks in 
the micro-spaces arranged some way from the notch. 

From this one very important conclusion must be 
drawn — that brittle fracture cannot in all cases be 
regarded as an instantaneous process with uninter- 
rupted progress from the first signs of microcracks 


to total fracture. 
In fact, in the pre-fracture conditions described — 
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the formation of microcracks — it might be halted 

at any stage and never develop to total fracture. In 
this case there would, however, be substantial re- 
duction in the original cross section. This may faci- 
litate subsequent brittle fracture under considerably 
“softer” conditions of loading. 

This may be confirmed experimentally by the fol- 
lowing date. A series of notched testpieces of 
steels A, B and C, previously deformed in a brittle 
state, (see above for conditions of deformation in a 
ring) were subjected to impact tests at wide inter- 
vals of temperature. At the same time for compar- 
ison untreated testpieces were tested, and also test- 
pieces of steel B previously deformed in the ring 
(at deflexion of 1.0 mm) in ductile conditions 
(+ 20°). 

The results, given in Fig. 10, show that prelimin- 
ary deformation (without visible signs of fracture on 
the surface) in conditions of brittle fracture, lead to 
an increase in the dispersion of impact toughness 
indicators and mixing of the critical temperature for 
embrittlement 10 to 15° on the side of positive tem- 
peratures. These changes cannot be attributed to the 
ordinary plastic deformation of the root of the notch, 
as plastic deformation, even to quite a large degree 
(see curve 3 Fig. 10) cannot be considered in the 
ductile state at the critical temperature. Here the 


deciding factor was the formation of internal micro- 
cracks below the notch, which also led to increased 
cold shortness. 


CONCLUSIONS 


The process of brittle fracture may be divided 
into two stages. 

The first is that of pre-fracture. Typical of this 
are plastic deformation and, connected with it, the 
breakdown of the grain, twinning; appearance and 
development of microcracks in the internal micro- 
spaces of the metal. 

The second stage is that of actual brittle fract- 
ure. This stage commences with the formation of 
ductile cracks in the thin surface layer of metal at 
the bottom of the notch, the conditions of deforma- 
tion of which are quite distinct from those prevail- 
ing in the internal micro-spaces. After this the 
fracture progresses along the previously formed 
internal cracks which are separated from one 
another by bridges of partially deformed grains. 


Translated by V. Alford 
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¢ 


The results are given of investigations into the deformation and stress in the neck of tensile 
tubular testpieces in dependence of the ratio of the length of the piece to its mean diameter with 


the same ratio between wall thickness and diameter. 


In paper [1] the experimental data are set out 
for the deformation in the neck of tubular tensile 
testpieces and formulae are examined for the deter- 
mination of stresses. One of the essential condi- 
tions for the comparability of this type of test is 
the maintenance of geometrical similarity of the 
testpieces. To fulfil this condition for tubular spe- 
cimens it is necessary to maintain the equality of 
the ratio between wall thickness and mean dia and 
also that between the length of the piece and its 
dia. In the paper mentioned, only partial attention 
was given in the first dimensional ratio; the influ- 
ence of the ratio between length and dia on the 
tensile results as a whole was not examined. 

In connexion with the fact that the tensile char- 
acteristics obtained by Bridgman in his examina- 
tion of large plastic deformations [2] were notice- 
ably different from those observed by us, it seems 
expedient to find the possible cause of this cir- 
cumstance. Bridgman used short tubes, the gauge 
length of which was the same as the mean dia. Our 
tests were conducted both with short testpieces 
and with some whose gauge length was 4.3 times 
the mean dia, the ratio of wall thickness to dia re- 
maining the same in both cases. 

It has been shown that the ratio of length to 
mean dia in tubular testpieces is reflected to acon- 
siderable extent, particularly for the small ratios 
considered by us, by the deformation and stress 
after formation of the neck on tension. 


1. THE RELATIONSHIP BETWEEN THE 
COMPONENTS OF STRESS AND DEFORMATION 
IN LARGE PLASTIC DEFORMATIONS 


In the following the deformation and stress will 


* Fiz. metal. metalloved., 8, No. 1, 85-89, 1959. 


be considered which occurs in the smallest cross 
section of a stretched tubular testpiece after form- 
ation of local reduction of area (the neck). Axial, 
radial and hoop stresses are represented by the 
symbols a,, o,, og, and the corresponding logarith- 
mic characteristics of deformation by e,, e,, eg. 
As the directions of the main axes of stress and 
deformation remain unchanged on tension in this 
cross section, the existence may be assumed of a 
proportionality between the deviators of stress and 
deformation. If here relative volumetric deformation 
in comparison to components of deformation may be 
neglected, then, on the basis of the assumption in- 
dicated, we get the following equation giving just 
one relationship between stress and deformation: 


&4 


er 


For the surface points of the testpiece 0, =0as 
the hoop stress 0g may be given in relation to axial 
stress 0,. For this purpose Bridgman used equation 
(1). From these equations it follows that 


2e, + 


Cr — ez (2) 


In the work outlined above, for the tubular test- 
pieces with small wall thickness compared to radius 
we used the mean numbers for deformation and stress 
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Testpieces on deformation and tensile stress 


FIG. 1. Dimensions of testpieces used. 


and obtained, in particular, exactly the same con- 
ag between means for og and a, as in equation 
(2). 

When subjecting the short tubular testpieces to 
tension, Bridgman discovered that local reduction 
occured along the wall thickness in the final stage 
of stretching. As a result of this, meridional curv- 
ature on the inner and outer surfaces had opposite 
directions. He endeavoured to calculate the stress 
of this reduction of part of the wall by the same 
formula as for the neck of wide plates in tension. 
To what extent this is applicable to long test- 
pieces will be considered below. 


2. RESULTS OF THE EXPERIMENTS 


Two types of tubular testpieces were used for 
the tensile tests; they were made of annealed steel 
type St. 30. Their dimensions are shown in Fig. 1. 
The external dia and wall thickness was the same 
for all, 14 mm and 1 mm respectively. Four differ- 
ent lengths were used. 

Tension was applied slowly on testing machine 
IM-4R. On reaching the allotted cross section re- 
duction load was removed for a moment and the ex- 
ternal dia and wall thickness were measured. Both 
external dia and wall thickness were measured in 
the perpendicularly related directions of least re- 
duction with an accuracy of + 0.005 mm. 

Besides this, tensile tests were conducted on 
solid cylindrical testpieces with a dia 6 mm and 
gauge length of 30 mm. The radius of curvature of 
the neck in a meridional direction, necessary in 
these circumstances for calculation of stress, could 
be measured with a satisfactory degree of accuracy 
by projecting the testpiece on to a screen with a 


FIG. 2. Photograph of longitudinal section in the neck 
of a testpiece in tension. 


magnification of 40 times. 

In processing the experimental data only those 
tests were used in which rupture occured in the 
centre portion of the testpiece. In each of the 
cases referred to at least three pieces were tested. 

The process of applying tension to the longer 
pieces was carried out in the following manner. 
When the axial elongation approached e, ~ 0.20, the 
load exceeded maximum and local reduction com- 
menced. For a short time the load was maintained 
unaltered and then reduced, starting slowly and in- 
creasing in speed. 

The external dia in the neck grew smaller up to 
onset of rupture. The cross sectional shape was 
observed from circle to deviate slightly. Axial elon- 
gation in the neck, calculated from the reduction in 
area, was characterized at the onset of rupture by 
e, = 0.550 — 0.600. No meridional curvature in an 
opposite direction to the inner surface of the test- 
piece was discovered. Fig. 2 is a greatly enlarged 
photo of the longitudinal section of the piece short- 
ly before rupture, when axial elongation amounted 
to e, = 0.508. As may be seen from the illustration, 
the meridional curvature of the walls, both inside 
and out, has only one direction. 

Deformation of the short testpieces was some- 
what different. After reaching maximum load and the 
formation of a neck, the fall in the value of the load 
proceeded rapidly. At the same time the external 
dia of the neck was reduced slowly, while just 
before rupture it ceased to change at all. The ex- 
ternal dia after rupture was noticeably greater than 
with the long pieces. 

We did not manage to release the load on the short 
testpieces before rupture. However, after rupture a 
small meridional curvature could be observed on the 
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FIG. 3. Curves showing the dependence of ratio e,/e, on the components 
of deformation e,. 
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FIG. 4. Curves showing the dependence of ratio 0g/a, 
on axial deformation e,. 


inner surface, running counter to the curvature on 
the outer surface. 

As a result of this, annular deformation €g high- 
er, than in the long ones, while axial deformation 
was the same e,. 

As stress og was determined by equation (2) 
which includes components of deformation, the hoop 
stress obtained for the two cases investigated was 
different. 

The curves shown in Fig. 3 reflect the depend- 
ence of the ratio of the components of deformation, 
e,/e, on the axial deformation e,. Curve J was 
obtained for the short and curve 2 for the long tub- 
ular testpieces. In the first case radial deformation 
on rupture attained e, ~ — 0.70 e,, and in the sec- 
ond — e, = — 057 e,. (sic) 

Fig. 4 shows the stress ratio 0g/a, at the vari- 
ous figures for axial deformation. Curve ] was 
obtained for the short, and curve 2 for the long test- 
pieces. In the final stages of tension the hoop 
stress 0g in the neck of the short pieces was 2—2.5 
times greater than that in the testpieces which were 
4 times longer. On rupture, in the long pieces 
0g = 0.07 — 0.09 o,, andin the short ones 
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FIG. 5. Curves of tension in the co-ordinates e;, 0;. 


og = 0.19 — 0.23 a,. 

It should be observed however that in the cases 
investigated, with the same intensity of deformation 
e;, there was no substantial difference in the inten- 
sities of stress o,. Fig. 5 shows the curves of ten- 
sion in co-ordinates e; and o;. Curve / is for the 
short pieces and curve 2 for the long, while curve 3 
is for the solid cylindrical testpieces. 


CONCLUSIONS 


The data obtained from the investigation of the 
deformation and stress in the neck of tubular test- 
pieces of varying lengths under tension show that 
the ratio of mean dia to the length of the testpiece 
has an essential influence on the effects of tension 
in those cases where the ratio is not large. The 
most sensitive values to this ratio were found to be 
the components of deformation e,, og and annular 
stress gg, and also the meridional curvature of the 
inner surface. 

Where the ratio between the length of the tubes 
and their mean dia is greater enough, signs of in- 
fluence disappear. It follows therefore that it may 
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influence on the deformation and stress in the neck 
in tension, on which subject we have previously 
written a paper [1]. 


only be said for sufficiently long testpieces that 
the results of a tensile test are reliable. In this 

context it must also be remembered that the ratio 
of wall thickness to mean dia also has some 


Translated by V. Alford 
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THE EFFECT OF HYDROGEN ADSORPTION IN THE PROCESS OF DEFORMATION OF 
STEEL ON ITS MECHANICAL PROPERTIES * 


G.V. KARPENKO and R.I. KRIPYAKEVICH 
Institute of Engineering and Automatics AS Ukr. SSR 


(Received 13 July 1957) 


It has been found that, in the process of deformation of steel hydrogen adsorption during galvanic 


processes occurs along the lines of slip. Hydrogen adsorption in these circumstances leads to loss of 
plasticity of mild steels and a reduction in the true stress on rupture. UTS and yield stress in such a 


case remain practically unchanged. 


The hydrogen adsorption of steels observed in 
etching and various galvanic processes as also in 
cathodic protection, leads to loss of plasticity by 
the steel and reduces its resistance to embrittle- 
ment. The large number of investigations devoted to 
the problem of the influence of hydrogen on the me- 
chanical properties of steel have been conducted on 
the basis of the preliminary adsorption of hydrogen 
by the metal, after which, in many cases, the effect 
of the stress of the metal has been examined [1]. 
We know of no investigations into the effect of hy- 
drogen on the mechanical properties of steel in the 
process of deformation, although this problem is of 
absorbing interest. 

We carried out tests to examine the action of 
hydrogen in the process of the deformation of mild 
steel, on its mechanical process. By means of a 
special attachment to the tensile testing machine 
IM-12 (Fig. 1) it was possible to rupture a steel 
testpiece in electrolyte to which either a cathodic 
or an anodic potential could be applied at the ex- 
pense of the external current supply. With this at- 
tachment it was possible to determine the mechanic- 
al characteristics of the steel in the kinetics of its 
hydrogen adsorption. When the tensile testpiece was 
in the role of cathode the anode material could be 
changed and also the composition of the electrolyte 
and the density of the current. With the same attach- 
ment steel testpieces could be examined during 
anodic polarization. 

In order to provide an opportunity to study the 
effect of reduction of plasticity, the tests were con- 
ducted with mild annealed stee! type St. 3 with a 
pearlite-ferritic structure. 1Q mm dia testpieces with 


* Fiz. metal. metalloved., 8, No. 1, 90-94, 1959. 


FIG. 1. Diagram of the attachment to tensile testing 
machine IM 12 for the polarization of tensile test- 


pieces: 
1 — terminals; 
2 — screw clamps; 
3 — graphite container (anode); 
4 — testpiece (cathode); 
5 — insulating sleeve; 
6 — adjustable d.c. supply. 


a test length of 100 mm, were washed in aviation 
gasoline and desorbed with activated carbon. Soft 
steel type St. 3 was used as the anode, and also 
lead, copper and graphite. For the electrolyte a 

26 per cent solution sulphuric acid and 18 per cent 
solution caustic soda were used. The density of 
the H,S04 was 1.18. During polarization the current 
density changed from 0 to 60 A/dm’. 
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30 bi, mm 


FIG. 2. Effect of polarization of St. 3 on the nature of the tension diagram: 


a — in air; 


6 — during anodic polarization; 
c, d, e — during cathodic polarization; anode is iron. 


The test were carried out at a constant rate 
v = 2 mm/min. The current was switched on at the 
same time as the tensile machine. The electrolyte 
was poured in immediately before the beginning of 
the test (from the beginning of pouring the electro- 
lyte to the beginning of the test is about 4 min). 
The whole test took about 10-15 min. The purpose 
of the test was to determine the ultimate tensile 
stress (o prochn, kg/mm?), the yield stress (o,¢,, 
kg/mm?), "the true stress on rupture (0;,,, kg/mm*), 
percentage elongation (5 10%) and percentage re- 
duction (uy %) of steel in the process of its polari- 
zation. 

Mild steel St. 3 showed, on the cpplication of 
tensile stress in the air, a clearly defined area of 
tension with marked elongation and cross-sectional 
reduction (curve a Fig. 2). The same was observed 
when St. 3 testpieces were put under tension at the 
same rate in the electrolyte with anodic polariza- 
tion of the piece. (curve 5). In the latter case, al- 
though the testpiece was covered with a thin scale 
of oxides, it did not lose its plasticity (Fig. 3, 5) 
and the mechanical properties remained the same 
as in the steel subjected to tension in air (Fig. 3, 
a). 

A very different state was observed with the 
cathode-polarized testpieces. In these pieces the 
fracture was brittle as the rupture took place along 
the slip lines, as seen in Fig. 3, c. Of the mech- 
anical properties of the cathode-polarized pieces 
the most noticeable deterioration was in the figures 
for plasticity w and 6 10 and true stress on rupt- 
ure Ojc,3 tensile and yield stress remained virtual- 
ly the same. The curves of tension of these test- 
pieces are shown in Fig. 2 (curve c, d, e). 

The tests showed that the change in the plasti- 
city and true stress of a cathode-polarized steel 


depends on current density, anode material and 
type of electrolyte. At the same time this depend- 


ence has an unusual character (Fig. 4). Similar VOL 
curves were obtained for the relationship between 8 
percentage elongation and true stress, and current 195 


density. 

Table 1 gives the figures obtained for the mech- 
anical properties of St. 3 in tests in air in electro- 
lyte with the maximum current density at which the 
maximum effect of the changes in the mechanical 
properties* was observed. 


EVALUATION OF THE RESULTS 


In the anodic polarization of steel there is a 
transition of iron ions into the electrolyte and oxi- 
dation of the steel at the expense of the oxygen 
separated. As apparent from our tests these proces- 
ses had no influence on the mechanical properties 
of the steel during its anodic polarization. This may 
possibly be due to the short duration of the test as 
the anode polarized steel showed no significant 
corrosion in the course of the test. It is well-known 
that corrosion lowers plasticity. 

On cathodic polarization, ions of the dissolved 
metal of the anode were passed on to the steel, 
together with hydrogen ions. While the change in the 
nature of the anode in our tests had very little effect 
on the change in the mechanical properties of 
cathode-polarized testpieces, this effect was also 


* eg., the maximum current density Dkat which maximum 
reduction in / (up to 71.4%) and was observed was 
D, = 5-15 A/dm? maximum reduction in Fist 
(up to 97.7%) was observed at 
Di, = 15-30 A/dm’. 
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FIG. 3. St. 3 testpieces fractured under different FIG. 4. Relation between relative reduction and current 


circumstances: density: 
a — in air; a — copper anode, acid electrolyte; 
b — during anodic polarization; b — lead anode, acid electrolyte; 


c — iron anode, acid electrolyte; 
d — graphite anode, acid electrolyte; 
e — copper anode, alkaline electrolyte. 


c — during cathodic polarization. 


TABLE 1. Mechanical properties of St. 3 testpieces 


Test conditions Fist: tek prochn 


Rela Rela- | Abs. | Relae | Abs. | Rela- | Abs. | Rela- 
Anode] Electrolyte |Abs.%} |Abs. %| kg /mm?|‘tive % kg /mm?] tive % kg/mmi| tive % 


Cu | NaOH (18%)]} 28 | 40.0] 24 75 33 | 38.0] 28 {100 | 39 97.5 


Cu | HeSO,(26%)} 21 | 30.0] 17 53.2] 17 | 19.5] 26.5] 94.5] 39 97.5 


Pb Ditto 20 | 28.6 | 16 30 2 2.3 | 28.5 | 101.5] 38.0 | 95 


have the same plasticity as unplated ones. 
Hydrogen ions adsorbed by the surface of a cathode- 
polarized steel under deformation are reduced to an 
atomic or molecular state and frequently given off 

in the form of bubbles of gas, often penetrating the 
metal along the slip lines caused by the deformation 
and then, being diffused into the lattice of the metal, 
transform it to a brittle state. This embrittlement of 
the metal, according to current opinion, is due both 
to the strain caused in the lattice and to the pressure 


observed for insoluble (lead and graphite) anodes. 
From this it follows that it is hydrogen, and not the 
deposited metal, which is responsible for the reduc- 
tion in plasticity and true stress. 

It frequently occurs that considerable residual 
tensile stresses arise in the layer of deposited 
metal in electroplating, which reduce the fatigue 
strength of nicke!, chromium and copper plated 
steel testpieces. However, as shown by our tests 
[3], steel objects with this type of electroplating 
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of the hydrogen filling the deffects in the lattice. 
After the diffusive penetration of the metal by 

the hydrogen the tensile forces brought about brit- 

le fracture of the cathode-polarized steel by rupture 


along those parts of the metal affected by the hydro- 


gen, which fall along the slip planes. 

The accuracy of this opinion regarding the me- 
chanism of the phenomenon is confirmed by the ex- 
ternal appearance of ruptured cathode-polarized 
teetpieces (see Fig. 3, c) and also by the tension 
curves (see Fig. 2) which bear witness to the lack 
of influence of the hydrogen on the course of the 
tension curve up to the upper vield point or on the 
yield stress itself. Until the commencement of 
yield (formation of slip) introduction of hydrogen 
into the lattice would be slight, and would not af- 
fect the mechanical properties of the steel. It is re- 
levant to this that the tension diagram until the 
commencement of yield, and the yield stress itself, 
remain the same as when the tests are carried out 
in air. With the commencement of yield, hydrogen 
penetration occurs along the slip lines to a consi- 
derable depth in the metal and, entering into the 
lattice, transform it into a brittle structure. 

The fantastic speed at which the hydrogenation 
of steel occurs may be explained in this way: in 


the zone of the slip planes not only is the lattice 
of the metal distorted, but also a tremendous num- 
ber of cavities appear, and in the process of their 
formation hydrogen is sucked in, penetrating the 


metal at quite a high speed, which exceeds the 
speed of volumetric, and therefore, boundary dif- 
fusion. 

The sectors of metal dividing these cavities 
which, in the ordinary way, lead to increased 
strength of the slip sone, have distorted lattices 
and are penetrated by diffusion by virtue of the great 
activation connected with the distortion of the lat- 
tice and the concentration there of up to 99% of 
the residual energy of deformation. It is well known 
that the rate of diffusive penetration in distorted 
activated lattices is somewhat greater than that of 
the diffusive penetration in volume with properly ar- 
ranged lattice. Konobeyevski [4] has said that the 
increase in the rate of diffusion of nickel in deform- 
ed copper is more than 1000 times. 


CONCLUSIONS 


1. The influence of hydrogen on mild steel in the pro- 
cess of deformation amounts to a reduction in plastici- 
ty Yandé and in the true stress 0;,,. Ultimate tensile 
stress and yield stress are virtually unaltered. 

2. The effect of the influence of hydrogen on the stat- 
ed mechanical properties of steel depends on the den- 
sity of the current D, in thatit appears ata certain 
optimum figure for this. 

3. Rupture of cathode-polarized testpieces in tension 
has a brittle character and occurs in the main along the 
lines of maximum tangential stress (along the slip 


lines). Translated by V. Alford 
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THE INFLUENCE OF PLASTIC DEFORMATION ON THE INTERNAL FRICTION OF 
IRON — TUNGSTEN ALLOYS * 
V.S. POSTNIKOV and R.S. LEBEDEV 
Kemerov State Pedagogic Institute 
(Received 30 July 1957) 


Well annealed polycrystalline metals and alloys 
have low internal friction — 10~ and less [1-3]. In 
metals and alloys which have undergone prelimin- 
ary plastic deformation, subsequent measurement 
has revealed sharply increased internal friction 
which however, is not permanent, but is strongly 
dependant on holding time, testing temperature and 
amplitude of oscillations [4-46]. 

Despite the not inconsiderable number of works 
devoted to the study of the influence of strain hard- 
ening on the internal friction of pure metals and 
alloys, the nature of this phenomenon is still far 
from clear as it is dependent on a number of factors 
(especially with alloys). These are — nature of cold 
deformation and degree of strain hardening, holding 
time, temperature, frequency and amplitude of oscil- 
lations, content of impurities and surrounding 
medium. A no less important reason is the lack of 
systematic investigation by one particular method, 
for example, by a low frequency method, a method 
which, it seems, might yield more material for the 
understanding of the mechanism of such phenomena, 
than do high frequency methods. [3]. 

Of the various investigations listed in the bibli- 
ography, 26 were carried out by high frequency 
methods (investigation of pure metals: tin [10], 
lead [10], zinc [10, 15, 20], aluminium [12, 19, 30], 
copper [5, 10, 16, 19, 25, 27], iron [11] and alloys: 
brass [6, 9, 17, 19, 31, 34], steel [4, 6, 7, 33]) and 
21 were carried out by low frequency methods 
(metals: aluminium [24, 26, 36, 37, 41, 45, 46], 
silver [46], copper (39, 41, 43], gold [42], iron [22, 
35], platinum [38, 46], molybdenum [29] and alloys: 
brass [13], aluminium - copper [23], aluminium - 
magnesium [44, 48], nickel - chromium [21] ). 

This paper is devoted to the study of the influ- 
ence of strain hardening on the internal friction of 
binary alloys. For this investigation a low frequen- 
cy method was used (oscillating frequency lc/s) 
with small amplitude torsional oscillation [46]. All 
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measurements were made in a vacuum of 107 Hg.col. 
on 300 mm long testpieces, dia 0.7 mm, of iron- 
tungsten (1.83% and 5% W) on an Armco iron base 
(0.02% mn; 0.03% Si; 0.02% C; 0.017% S; 0.001% P) 
with reduction to 5; 15; 25; 30; 40; 60; 80 and 
95%. Internal friction for all the testpieces* was 
measured only on heating (at the rate of ~ 3.5°/min) 
after previous annealing at 825°C for 90 min. Be- 
sides this, to determine the heat of activation of 
the process of recovery of internal friction, the 
isothermal change of the internal friction was studi- 
ed at the maximum oscillation amplitude for all — 
10-$. All the measurements made on the alloy with 
1.83% W were made 7 months after reduction while 
those on the one with 5% W were made in the course 
of one month. 

The unit used as a measure of internal friction 
was the logarithmetic decrement over 7. Accuracy 
of measurement of internal friction was ~ 0.05% at 
low temperatures and 2-3% at high. 


RESULTS OF THE MEASUREMENTS 


The results of the measurements are set out in 
Fig. 1-6 and in the table. From these illustrations 
and tabulated data the following conclusions may 
be drawn. 

1. The internal friction of plastically deformed 
unannealed Fe-W alloys (Fig. 1, 2) is large when 
compared with that of the same alloys annealed at 
high temperatures (Figs. 3, 4). Besides this, as we 
found in our tests, it is strongly dependent on the 
rate of heating and the holding time (Fig. 6). 

2. The peak of internal friction moves towards 
higher temperatures in inverse ratio to the amount 
of previous reduction. The height of the peak depends 
essentially (Fig. 5, curve 1, 2) on the amount of 


* The testpieces were approved by the Institute of the 
Physics of Metals and Metallography, Centr. Res. 
Inst. Ferrous Metallurgy. 
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FIG. 1. The temperature relationship between internal 
friction (1—5; 2—15; 3—30; 5— 60; 6—80 % 
reduction) and modulus of elasticity in shear (2’— 15; 
3~30; 5°~ 60; 6’— 80% reduction) of a plastically de- 
formed alloys Fe-W (1.83% W) prior to annealing. 


reduction, especially for 1.83% W alloys. As may 
be seen from Fig. 5, the peak is lowest where re- 
duction is about 40-45 per cent. 

3. With isothermal soaking at various temperatures, 
internal friction is reduced in an almost exponential 
relation to time (Fig. 6). 

4. The energy of activation of the process of 
“recovery” of the alloy Fe-W depends on the con- 
centration of tungsten in the iron and on the extent 
of previous plastic deformation. As may be seen 
from the Tables, the energy of activation decreases 
according to the extent of reduction. 

5. The level of internal friction at high tempera- 
tures (840°C) is considerably greater in work-hard- 
ened alloys than in annealed ones. The high temp- 
erature level depends on the amount of deformation, 
the annealing temperature, and the concentration of 
W in the iron. The deformation considerably in- 
creases the level of internal friction (Fig. 5, curves 
3, 4), while annealing lowers it (Fig. 5, curves 5, 
6). Introduction of large amounts of tungsten effects 
a sharp reduction in internal friction at high temper- 
atures. 

6. The level of internal friction at high tempera- 
tures is indirectly connected with the strength of 
the alloy at the same temperature, as is evident 
from the temperature course of the modulus, of 
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FIG. 2. The temperature relationship between internal 

friction (1— 25; 2—60; 3— 80; 4—95% reduction) and 

modulus of elasticity in shear (1’— 25; 2’~ 60; 3°— 80; 

95% reduction) of a plastically deformed alloy Fe- 
W (5%W) prior to annealing. 


elasticity in shear and the tensile strength at high 
temperatures (v. Fig. 5, curves 7’ and 8’ and 
Table 1). 

7. The modulus of elasticity in shear at high tem- 
peratures is greater for unannealed testpieces than 
for annealed ones, and at low temperatures the re- 
verse is true (Figs. 1-5). 


EVALUATION OF THE RESULTS OF 
MEASUREMENT 


1. As we have seen above, previous plastic de- 
formation of an alloy causes appreciably higher 
internal friction than exists in annealed ones. The 
same thing has been observed by other research 
workers [5, 6, 9-13, 15, 17, 19, 20, 22-24, 26, 27, 
29-31, 34-39, 41-46], with the exception of papers 
[4, 7, 18], which report reduction in the level of in- 
ternal friction as a result of plastic deformation. In 
[33], both increase and decrease in internal friction 
was observed with plastic deformation of steel. 
Finally, in [16, 17, 21, 25] it was found that intern- 
al friction at room temperature, as a function of the 
degree of work hardening, passes through a minimum 
and then increases in ratio to load. 

Analysis of the work listed above and of the in- 
vestigations reported in [33] has shown that 
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FIG. 4. The temperature relationship between internal 


FIG. 3. The temperature relationship between internal 
friction (1—25; 2—60; 3—80; 4—95% reduction) and 


friction (1—5; 2—15; 3—30; 4—40; 5— 60; 6—80% n 
reduction) and modulus of elasticity in shear (2’— 15; modulus of elasticity in shear (1 ~ 25; 2 — 60; 3 — 80; 
3’~ 30; 5°~60; 6° 80% reduction) of plastically de- 4°—95% reduction) of plastically deformed alloy Fe-W 


formed alloy Fe) W (1.83% W) after annealing at 825°. (5% W) after annealing at 825°. 
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FIG. 5. Relationship between the peak of internal friction 
(1— 1.83% W, 2—5% W) and its level at 840° (3— 1.83% W, 
4—5% W prior to annealing; 5— 1.83% W, 6—5% W after 
annealing), and the degree of reduction. Relationship bet- 
ween modulus of elasticity in shear (15 2°20; 3%, 
4°—840 prior to annealing; 5’, 20° and 7’, 8°~ 840° 
after annealing at 825°) and the degree of reduction. 
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TABLE 1. 


Reduction| Av. size of 
% grain, mm 


Rupturing 

strength aang Energy of 
kg/mm? at kg/mm? at activation 
840° cal/mol 


0,010 
0,009 


5,500 
4.200 
2,400 
1,500 
3,000 
2.060 


1.400 
1.300 


* No data due to lack of sufficient number samples with 1.83% W. 
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FIG. 6. a. Isothermal change in internal friction of alloy with 1.83% W 
after reduction by 15% (1— 300; 2—329; 3—435°) and by 30% (4— 291; 
5—367; 6—420°) and its relation to time; 
b —ditto after reduction by 40% (1-213; 2—360; 3— 412; 4—460); 
and by 80% (5— 170; 6—350; 7-400; 8— 450°); 
c, d — the same relationship for a 5% W iron-tungsten alloy at various 
degrees of reduction (from 25 to 95%) and some of their temper- 


atures. 


increased internal friction due to plastic deforma- 
tion is observed in tests where a low stress ampli- 
tude (~ 10° and less) is used, while the reverse 
obtains (it is decreased), where the amplitude is 
great. As regards the maximum of internal friction 
as a function of the degree of strain hardening, 
which was observed in [16, 17, 25] at frequencies 
exceeding 10° c/s, it is in all probability a type of 
thermo-elastic relaxation which is not directly con- 
nected with the atomic diffusion and microplasicity 


which causes anelastic phenomena at low frequen- 
cies of oscillation. 

The dependence shown above, of the extent 
of internal friction in deformed testpieces, on 
amount of strain hardening, testing temperature 
and soaking time, has already been observed 
some time ago [41]. It was found that the in- 
ternal friction of a plastically deformed metal 
truly a basic contribution !) may be represented 
by the formula 
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Ww, % 
| 5 0.2 31,0 * ae 
15 0,06 
1.83 } 30 0.035 42.0 1,80 
| | 30 0.01 78.0 * 
95 0,09 58.0 2.20 
. 
VO] 
8 
7] 


in which a, B, a, b, k, R are constants; 0 is the 
mean shearing strain acting on the testpiece; f is 
the frequency of oscillation; T is the absolute 
temperature; 1 is the particular parameter charac- 
teristic of the possibility of different types of trans- 
ition of the atoms in the lattice; ¢ is time; 7 is the 
relaxation time of the process of recovery of inter- 
nal friction. 

From this it will be seen that as ¢ > ~ the value 
of Q converges with the equilibrium value 


a 


exp (— (2) 


appropriate for the given temperature. 
The same value 


exp (—t) 3) 


defines the supplementary internal friction which 
occurs after deformation of a metal or alloy. In con- 
nexion with the fact that the internal friction of a 
deformed testpiece is reduced by isothermal soak- 
ing at a quicker rate if the temperature is higher, 
the following relation may be proposed between 
relaxation time 7 and temperature 


E (a) ) (4) 


ex ( RT 
in which E () is a particular energy of activation 
for the process of recovery of the internal friction 
of the deformed testpiece, which is, in its turn, a 
function of the degree of strain hardening. 

Values found for E (c) from the kinetic curves 
(Fig. 6) are included in Table 1. These values are 
evidence that, in the process of recovery, no part 
is played by atomic diffusion, as the energy of acti- 
vation E (a) of the process of recovery of internal 
friction is appreciably less than the value for the 
energy of activation for atomic diffusion. 

Using equation (1), it is possible to explain the 
growth, observed in the tests, of the extent of in- 
ternal friction on plastic deformation of testpieces, 
and also its exponential reduction on isothermal 
soaking, but not the appearance of the maximum on 
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the curve of internal friction of plastically deformed 
testpieces. In [50] an attempt is made to tackle this 
question. For internal friction occasioned by the 
previous deformation of the testpiece, the following 
equation has been found 


- 


in which A is the constant for the values given; 

a is the mobility of the defect at T = ~; U is the 

energy of activation of the movement of the defects. 
This equation explains the emergence of the 

maximum of internal friction on the curve of internal 

friction when the testpiece is heated at certain 

rate y = 7/t. In fact, if, in place of temperature 7, 

the figure for y ¢t is inserted in formula (5), and the 

maximum Q is found, one gets the transcedent equa- 

tion 


RT 2 = E (0) Ty =U 48, exp 


which defines the position of the maximum on curve 
E (a). From these equations it is clear that the posi- 
tion of the maximum depends on the rate of heating 
y and on the value of E (@), which is itself depend- 
ent on the extent of previous deformation. However, 
what is still not clear is the unusual dependence of 
the amount of the maximum of internal friction in 
deformed testpieces on the extent of reduction, as 
represented in Fig. 5 by curves J and 2. Another 
point which is still not quite clear is the relation 
between E (0) and the content of tungsten in the iron 
lattice 2. The sharp increase in internal friction at 
high temperatures (both for annealed and unannealed 
testpieces) is evidence of the important part played 
at high temperatures by the mechanism [2) describ- 
ed by formula (2). A no less important part is play- 
ed by viscous flow in the grain boundaries [47, 2]. 
Insofar as these two mechanisms are mainly respon- 
sible for the behaviour of internal friction at high 
temperatures, its reduction may be due on one side 
to reduction of viscous flow at the grain boundaries, 
and, on the other, and particularly at high temper- 
atures, to an increase in the value of parameter //, 
which characterizes the migration of defects in the 
lattice of the alloy. 

As may be seen from Figs. 3 and 4, the lowest 
level of internal friction at a temperature of 840° is 
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shown by alloy Fe-W (5% W) after previous reduct- 
ion by 25%. The level of internal friction of this 
alloy was somewhat less than that of an alloy at 


the same temperature, which contained 1.83% W and 


had suffered 5% reduction. Both testpieces (see 
Table) had the largest grain size. On the other 
hand, as is also evident from the Table and from 


Fig. 5 (curves 7’ and 8]), they also show the great- 


est bonding energy for the atoms of the lattice and 
the greatest strength at temperatures of 840°. 
For this reason the conclusions drawn in papers 


[3] may be recapitulated: internal friction in alloys 


at high temperatures may lead to the unusual char- 
acteristic of strength at high temperatures. Apparent- 
ly it may be said for alloys that the greater the creep 
resistance, the lower the internal friction at high 
temperatures. This condition is necessary, as wit- 
nessed by many tests, but also inadequate, as the 
adequacy of this statement is still not proven. 

In conclusion we would like to express our grati- 
tude to A.Ya. Samoilova for the compilation of the 


graphs. 
Translated by VY. Alford 
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LATENT PLASTIC DEFORMATION ENERGY OF ALUMINIUM AND COPPER ALLOYS* 


M.M. POPOV, E.N. TIKHOMINA, S.M. SKURATOV and E.N. KALININA 


Not all the mechanical work used for any kind or 
any degree of plastic metal deformation is transform- 
ed into heat, a part remains in the metal in the form 
of energy of internal stresses. Therefore, if we de- 
note by H, the enthalpy of undeformed and by H, 
that of deformed metal, then 


H, —H, =A—Q, (1) 


and in addition A # Q, consequently H,—H,=h 
(A — latent energy of deformation). 

The presence in deformed metal of excess energy 
h sometimes explains very considerable differences 
in a great number of properties of deformed metal 
compared with those of undeformed; for instance, 
high diffusion rates of alloy components, increased 
reaction capacity, change of density, recrystalliza- 
tion capacity and so on. 

Latent deformation energy may be determined in 
two ways: 

1) Values A and Q of equation (1) may be measur- 
ed experimentally; then A = H, — H, is determined 
as the difference 


h=A—Q; 


2) Internal stresses are removed when the alloy 
is heated and as a result the latent deformation 
ange | is given out as heat. Therefore, if we denote 
by HY, H® the enthalpies of a deformed alloy in 
an annealed condition and by Ho and Ho of a de- 
formed alloy in an unannealed condition, we get 


HY —HY +h th. =% 


(stressed) 


* Fiz, metal. metalloved., 8, No. 1, 103-114, 1959. 


(Received 5 August 1958) 


A method of determining thermal heat capacity (true and “apparent”) was developed and adopted 
for determining the deformation energy of aluminium and copper alloys (3 and 5 per cent). 


(unstressed) 


whence > 
(Hi — + (2) 


If we accept that Ho = Ho then q, — q,=h, i.e. 
the latent deformation energy is equal to the differ- 
ence between the heats of annealing of deformed 
alloys in the unannealed and annealed conditions. 
And the heat of annealing is determined by the 
method of measuring the true (and the “apparent”, 
if the heating of the specimen is accompanied by 
internal processes) thermal heat capacity described 
in the work [29]. By determining at the same time 
the curve of thermal heat capacity — temperature, it 
is possible to record the temperature or the interval 
of temperatures, during which the evolution of latent 
deformation is taking place. 

The second method was used in the present work 
for a corresponding investigation of aluminium and 
copper alloys (3 and 5%) after deformation (30%) 


under a drop hammer. 


REVIEW OF REFERENCES 


Investigations have been carried out on pure 
metals (see Table 1). Work with alloys (not counting 
different types of steel) was carried out only by 
Smith [3], Sato [4] and Tyzhnova [12]. 

The latent deformation energy was measured by 
the first of the described methods in most of the 
works. The second method was employed only by 
Sato [4] and Abramovich and his colleagues [10]. 
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TABLE 1. Data summary of works on latent deformation energy 


Reference 


Object of 
investigation 


Type of de- 
formation 


Work 
imposed 


Method of 
measuring work 


Additional measurements 


Iron (soft) 


Elongation 


0.02-0.1 
cal/g 


Elongation 
diagram 


Amount of heat in calori- 
meter 


[2] 


Copper, steel, 


aluminium, (mo- 


no and poly- 
crystals) 


1—2 cal/g 


-do- 


Amount of heat by thermo- 
couple 


Copper, zinc, 
brass 


Wire, original 
and annealed 


Work not 
measured 


Melting temperature 


Copper, silver, 


aluminium, 
nickel, iron, 
steel, brass 
aluminium and 
nickel bronze, 
German silver 


Torsion 


1— 24cal/g 


Torsion dia- 
gram 


Latent energy 
1) on heating curves 
2) in calorimeter 


Aluminium and 
copper an- 


nealed 


Drawing wire in 
calorimeter 


8—9 cal/g 


Drawing work 
measured 


Amount of heat in calori- 
meter 


Steel, iron 
and copper 


Torsion 


Up to 14 
cal/g 


Torsion dia- 
gram 


1) Amount of heat by 
thermo-couple 

2) Amount of heat in 
calorimeter 


Copper 


Compression 
in a press 


Up to 3.5 
cal/g 


Loading 


curve 


Amount of heat by 
thermo-couple 


Copper, 
aluminium, 
lead, tin 


-do- 


4—8 cal/g 


-do- 


Copper, 
aluminium, 


lead 


Pendulum 
hammer 


Up to 7 cal/g 
copper, 

up to 2cal/g 
aluminium 


Computed by 
weight of head 
and anvil, 
allowing for 
rebound 


Low carbon 
steel 


Upsetting by drop 


hammer 


By 50% of 
height 


Work not 
measured 


“Aparent” thermal heat 
capacity 


Copper, 
aluminium, 
iron 


Weight of head 
x height (no 
allowance for 
rebound losses) 


Amount of heat in mercury 
calorimeter for copper 


Copper and 
copper- 
nickel alloys 


Compression in 
a press 


Pressure force 
and specimen 
height 


Amount of heat by 
thermo-couple 


Deformation work and the resultant evolution of 
heat were very carefully measured in the first work, 
but only pure metals were used in the experiments 
(Cu, Al, Pb and Sn) and not alloys. The work, com- 
puted as the product of the weight of the drop-weight 


The adopted methods of deformation vary consi- 
derably. 
Deformation of specimens by striking, as in our 


work, was carried out only by Shelepukhin [9], 
Gubkin and Bashilova [11] and Abramovich [10]. 
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and the height of drop without a correction allow- 
ance (a very considerable one) for the drop-weight 
rebound, anvil reaction and friction of the guiding 
mechanism. The measurements were carried out 
rather roughly. The measurements of the heat, given 
out as a result of deformation, were carried out just 
as roughly (a copper specimen was inserted into a 
calorimeter filled with mercury). 

The value of deformation work (related to the 
weight of specimen) varies considerably in differ- 
ent authors. 

An analysis of the works referred to above permits 
one to make the following observations: 

1) latent deformation energy depends on the type 
of deformation; for instance, for static compression 
[9, 11] it is less then for dynamic, and in the latter 
case it depends upon initial stroke velocity [9]; 

2) latent energy of the deformation of alloys, 
which are not stabilized solid solutions, is higher 
than the latent energy of pure metals. 

In the work [4, 10] was determined not only the 
latent deformation energy but also its evolution 
temperature by heating. 

As a result the author [4] arrives at the following 
conclusions: 

1. The greater proportion of internal stresses in 
pure metals is maintained up to the temperature of 
recrystallization and suddenly disappears with a 
simultaneous change of structure. Recrystallization 
temperature decreases slightly with the increase of 
the degree of deformation. 

2. In solid solutions the disappearance of intern- 
al stresses occurs spasmodically at temperatures 
characteristic for every alloy. The last stage of the 
disappearance of internal stresses coincides with 
recrystallization and, in the case of pure metals, 
depends on the degree of deformation. 

Low carbon steel Y1 was studied in work [10]. 
Deformation of the specimens was performed by up- 
setting 50 per cent. Measured by Sykes’s method was 
the true and apparent thermal heat capacity of un- 
deformed and deformed specimens with a heating 
rate of 10-15 degrees/min, whereas Sykes’s heating 
rate was only 1.4—1.6 degrees/min. Such a consi- 
derable increase of heating rate definitely did not 
permit the detection of latent deformation energy 
as the “apparent” thermal heat capacity. As a result 
it was found that the curves thermal heat capacity — 
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TABLE 2. 


temperature of deformed and undeformed specimens 
are the same. 


SCOPE OF THE INVESTIGATION 


An aluminium copper alloy (up to 6% Cu) is a 
solid solution in aluminium of 6-phase (Al,Cu), and 
the solubility of copper in aluminium depends to a 
large extent on the temperature. This dependence 
has not been accurately determined and various 
authors have obtained different answers. On the 
basis of Dick’s and Richardson’s work [14] one 
should, apparently, accept the following data as 
the more reliable: (see Table 2. below). 

Hence, solubility at temperatures around 20°C 
by extrapolation is about 1%. At temperatures above 
the equilibrium curve alloys of Al and 6% Cu are 
homogeneous solid solutions. With very slow cool- 
ing (annealing), processes of segregation of one of 
the components (Al,Cu) take place in conformity 
with the reduction of the solubility of copper in 
aluminium. By very rapid cooling from a temperature, 
corresponding to complete solution of both compon- 
ents, to temperatures near 20°C, one may succeed 
in producing an unstable alloy condition, i.e. super- 
saturated solid solution, which will gradually pass 
into a stable (two phase) condition. 

This transition proceeds slowly at room temper- 
atures (natural ageing) at higher temperatures the 
transition is more rapid (artificial ageing). A not 
insignificant number of works have been devoted to 
the problem of the ageing of aluminium alloys with 
copper. In works [26, 22] it is asserted that during 
ageing phase 0 (Al,Cu) is not precipitated suddenly 
in a super saturated solid solution but an interme- 
diate phase 0” is formed first which in composition 
corresponds to phase @ but does not yet possess its 
lattice structure. Phase 0’ passes into 0 at higher 
temperatures with different rates for each tempera- 
ture. 


EXPERIMENTAL METHOD 


To determine latent deformation energy and the 
range of temperatures where this energy is given out 
during the heating of an alloy we adopted the method 
of measuring the “apparent” thermal heat capacity 
(20h This method was used by Gruzin [16] and 
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FIG. 1. Diagram of calorimeter and the shell. 
1 — leads of differential thermo-couple; 
2 — thermo-couple for measuring temperature of calori- 


meter; 
3 — current and potential leads from heating coil; 
4 — thermo-couple boxes; 
5 — specimens; 
6 — heater body; 
7 — thermo-couple boxes; 
8 — nichrome wire suspension; 
9 — shell. 


Abramovich [10]. 

The calorimeter used by us had an unusual form 
(Fig. 1). Its component parts were: 

a heater — silver cylinder 6 (dia 25 mm, height 
10 mm), inside this, in a drilled out hollow was a 
nichrome coil with a resistance of about 4 ohm; 
current and potential leads were connected to the 


ends of this coil — 3; 
two flat silver boxes 4 and 7 (25 mm dia 4 mm 


high) — the main junction of the thermo-couples. The 
studied specimens — 5 consisting before deforma- 
tion of two cylinders were inserted between the 
heater and each of the little boxes. Size of unde- 
formed specimens — 20 mm dia, 30 mm high. The 
whole system (heater, specimens and little boxes 
with thermo-couples) were tied together with a ni- 
chrome wire and suspended inside a massive silver 
shell — 9 (88 mm dia, height 100 mm, wall thick- 
ness 10 mm, weight 4 kg) which was erected inside 
a tubular electric furnace. 

The calorimeter temperature and the difference of 
the temperatures between the calorimeter and the 
shell, were measured by chrome-alumel thermo- 


couples. 

The cold junctions of the thermo-couples were 
placed in well heat-insulated massive metal thermos- 
tat blocks, and their temperature was maintained 
constant within + .01°. 


TESTING THE CALORIMETER 


The true thermal heat capacity of silver and alu- 
minium were measured for testing the developed 
method. The whole calorimetric system consisted 
in the first case of silver (not counting an insigni- 
ficant quantity of insulators). As it was intended to 
study later on specimens of different shapes (de- 
formed and undeformed), silver and aluminium were 
employed in the form of cylinders. 

The purity of silver used for the castings was not 
high enough (99.2% Ag; .50% Cu, .30% Pb. Fe and 
Mn — traces) and had a bearing upon the relative 
accuracy of measuring the real thermal heat capacity, 
which, in this case was equal + 1%, whereas for 
pure metals it is + .5%. At the same time it was es- 
tablished that the results did not depend on the 
shape of the specimens used. 

A comparison of thermal heat capacity values 
obtained by us for silver with those found in litera- 
ture [28] (Moser 1936) disclosed that our data was 
lower by 2% at 100° and by 6% at 500°. 

The aluminium had the following impurities: .2% 
Fe; .08% Si; .01% each of Zn and Mg; .006% Cu. One 
pair of aluminium specimens were cast and not sub- 
jected to any treatment apart from turning, and the 
other pair were forged and then turned. 


Size of cylinders 


Diameter Height 


30 mm 
17 mm 


20 mm 
30 mm 


Ist shape 
2nd shape 


It was established, firstly, that there is no differ- 
ence in the values of thermal heat capacity of forg- 
ed or cast aluminium; secondly, a comparison of the 
obtained data regarding the thermal heat capacity of 
aluminium with those found in literature (Seekamp, 
1931), shows that our data for aluminium differs 
from that in literature in respect of values and signs 
in the same way as for silver. The correspondence 
of these deviation values for aluminium and silver 
points to the presence of a systematic error in our 
measurements, evidently due to the unusual type of 
the calorimeter and also to a possible non-registra- 
tion of certain thermo-couple recordings. The error 
could have been easily put right by the introduction 
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FIG. 2. Thermal heat capacity curves of aluminium alloys with different copper concentrations 


A — annealed; B 


— hardened alloy condition (3% Cu) 


A’ ~— annealed; B” — hardened alloy condition (5% Cu) 
C — additive curve of thermal heat capacity. 


of a corresponding correction, however, for the pur- 
poses of this work there was no need to do this: 
the latent deformation energy is determined as the 
difference in accordance with formula (2). 


RESULTS OF THE EXPERIMENTS 
Undeformed specimens 


Specimens of alloys of aluminium with copper 
(= 3—5% by weight Cu) were used for the investi- 
gations. 

The original aluminium contained: 99.6% Al; 
.2% Fe; .1% Mg; .08% Si; .006% Cu. The 3% alloy 
was produced from this aluminium and a previously 
prepared hardener (50% Cu) in a graphite crucible in 
an electric furnace. The alloy was heated to 720° 
and poured into moulds at 690°, the cooled alloy 
was then forged and again annealed (5 hr at 460°). 

The 5% alloy we succeeded in preparing from pur- 
er aluminium and the same hardener. An analysis of 
the original aluminium disclosed the presence of 
following impurities: .03% Fe; .006% Si; .02% Mg. 


The 5% alloy was prepared in the same — as the 
3%. Chemical composition of the alloy produced 


was: 4.45% Cu; .15% Fe; .004% Si; .05% Mg, Zn — 
traces; the 5% alloy (the same as the 3%) was forg- 
ed and annealed [5]. 

Studied were both the annealed and the hardened 
alloys. 

The typical curves of thermal heat capacity — 
temperature are reproduced in Fig. 2. 

The C curve was produced by averaging thermal 
heat capacity values. Mach deviation of the true 
curves from the average furnish an indication of the 
presence in the tested specimens of some endother- 
mic (the real curve higher than the average) or exo- 
thermic (real curve below the average processes. 
The movement of the curve of the “apparent” ther- 
mal heat capacity of these alloys is very complex 
(especially for the hardened condition), which tes- 
tifies to the presence in them of processes accom- 
panied by heat effects. 

Annealed condition — two phase system. Up to 
360-380° the curves A, A’run close to the addi- 
tive curve. Above this temperature they rise sharp- 
ly (process of copper dissolution) and then, near 
480°, the curve A comes down again towards the 
additive curve and the curve A “does not descend 
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FIG. 3. Values of thermal heat capacity of annealed and 
hardened specimens of copper-aluminium alloy (3% Cu) 
for three consecutive heatings; 
A — first heating of annealed specimen; 
BC — second and third heatings (dark spots) of the same 
specimen; 
A’ — first heating of hardened specimen; 
B’C’~ second and third heatings of the same specimen 
(coincide). 


towards the additive curve even at the final temper- 
ature of the experiment (520°) (the dissolution pro- 
cess has no time to be completed at such heating 
rates). 

Tempered condition — supersaturated solid 
solution. The curves B — B’ closely follow the ad- 
ditive curve in the region of 200- 220°. Character- 
istic for the 220-350° range is the sharp drop of the 
“apparent” thermal heat capacity, connected with 
the process of the precipitation of copper from the 
super-saturated solution. 

Above 350° the curves rise very sharply — the 
dissolution of copper is taking place. At 400°, 
characteristic for curves B and B’, is the existence 
of a small and sufficiently sharp minimum. Sykes 
[15] explains this as the thermal effect of the trans- 
ition of phase 0’ to the stable 6 phase. Likewise, 


as in the annealed condition, the B curve approaches 
the additive in the region of 480°, and this approach 
is not observed in curve 8’ (dissolution process is 
not completed). 

Furthermore, one may note, that the curves therm- 
al heat capacity — temperature are always the same 
for different tempered alloys within the accuracy 
limits of the measurements, whereas the curves of 


Mean, cal/g degree 


02 
025 
0.24 


023} 


Q22 


9.20 
019 
O18 


027 
026 
025 
024 
023 
922 
021 
020 
019 


300 400 500 


600°C 


FIG. 4. Thermal heat capacity of 
copper-aluminium alloy: 8 


A, A’ — deformed condition 
(A — 3% Cu; A’ — 5% Cu); 


B, B’ — undeformed condition 
(B — 3% Cu; B”’— 5% Cu). 


the annealed — differ up to 7 per cent. Possibly, 
this may be explained by the shortcomings of the 
annealing conditions employed by us. 

After the measurements of thermal heat capacity 
the specimen was cooled in the oven, comparatively 
slowly (from 520° to 80° in 16 hr). The condition of 
the specimen attained in this way could not be des- 
cribed either as annealed or tempered. Let us call 
it “half-hardened”. 

It transpired that a half-hardened condition is re- 
produced just as well as a hardened. The curve A 
Fig. 3 characterizes a hardened condition of a 3% 
alloy; the curves BC and B’ C’— the same speci- 
mens in a half-hardened condition. These curves, 
obtained in two experiments; (second experiment — 
dark spots) are represented by one curve, that is 
they coincide within the accuracy limits of the mea- 
surement. Consequently, even the half-hardened 
condition is reproduced independently of the fact as 
to whether the specimen was first annealed or hard- 
ened. 


Deformed specimens 


The deformation of the specimens was carried out 
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Specimen 1 


100 200 300 400 500 “C 


FIG. 5. Thermal heat capacity of specimens of an 
aluminium and copper alloy (5% Cu) when heated 
after deformation: 

a, a, a” — first heating, 

b, b4, — second heating; 
C — additive. 


in a vertical drop hammer by a free falling drop- 
weight. Degree of deformation was determined 
roughly — by the altered height of the specimen. To 
obtain the same alteration for all samples (30%), the 
specimens were placed during deformation within a 
restricting ring, which permitted an alteration of the 
height of the specimen only by a definite proportion. 
Only hardened or half-hardened alloys were subject- 
ed to deformation because annealed specimens did 
not yield reproducible thermal heat capacity results. 
Let us compare the thermal heat capacity-temper- 
ature curves corresponding to deformed and unde- 
formed specimens (Fig. 4). Curves A and A’ relate 
to the deformed specimen, curves B and B’— to 
the undeformed specimen. Comparing curves A, A“ 
and B, B’ one may notice for the deformed condition 
a sharp shifting of the copper precipitation region 
in the direction of low temperatures, both for the 
3% (A and B) as well as the 5% (A’ and B’) alloys. 
This indicates that in a deformed condition the 
processes connected with diffusion proceed at 
rates adequate for detection at lower temperatures, 
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Specimen 


FIG. 6. Thermal heat capacity of specimens of an 
aluminium and copper alloy (5% Cu) when heated 
after deformation: 

a, a, a” — first heating; 

b, — second heating; 
-- additive. 


than those in the undeformed condition. Further- 
more, one may record, that the displacement of the 
minimum of apparent thermal heat capacity along 
the temperature axis is by the same amount, irres- 


pective of the composition of the alloy. 
It is especially important to note that the differ- 


ence q,—g,=h, is found to be not a constant value, 
and is not infrequently, a negative one. This proves 
that by heating deformed and undeformed alloys to 
the same temperature an identical thermodynamic 
condition is not reached, i.e. in equation (2) 


+ 


and consequently it is not possible by such a 
comparison to determine the latent deformation heat 
as it was done, for instance, by Abramovich and 
his colleagues. 

The latent deformation heat, as it follows from 
equation (2), may be determined by the “apparent” 
thermal heat capacity only in such a case, when the 
ultimate condition of the alloys is the same after 
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they had been heated to the same temperature, i.e. 


when 


— 


If Hd is not equal Ho for deformed and undeform- 
ed conditions, one may still assume that 


H and 


will be equal or near to each other for two speci- 
mens: one first half-hardened and then deformed 
and the other — also first half-hardened and deform- 


ed and afterwards again hardened. 
With this assumption the determination of latent 


deformation heat is reduced to: 
1) deformation of half-hardened specimen; 
2) determination of 


H} H} = 


after the first heating and 


HY = 4) 


for the second and subsequent heatings. 

Such experiments were carried out with 6 pairs 
of specimens of a 5% half-hardened alloy. Thermal 
heat capacity-temperature curves obtained for sever- 
al heatings are given in Figs. 5 and 6. 

These experiments permit us to draw the follow- 
ing conclusions: 

1) For all six pairs of specimens less heat is 
used up for the first heating than for subsequent 
heating of the same specimens in the same interval 
of temperatures, i.e. < 


2) The difference 


Hy —HP = 4, 


i.e. latent deformation heat, related to 1 g of alloy 
in these experiments was found to equal: 


for lst. pair of specimens (Fig. 5) 1.9 cal/g; 

for 2nd. pair of specimens (Fig. 5) 1.4 cal/g; 

for 3rd. pair of specimens (Fig. 5) 2.3 cal/g 
(average 1.3 + .6); 

for 4th. pair of specimens (Fig. 6) .7 cal/g; 

for Sth. pair of specimens (Fig. 6) .4 cal/g; 

for 6th. pair of specimens (Fig. 6) 1.0 cal/g. 

3) On the curves of the first heating of all 6 spe- 
cimens it is not possible to mark off the tempera- 
ture ranges, where the evolution of latent energy 
was evidenced by a sharp leap; the effect of the 
evolution of latent energy is “dispersed” along the 
temperature axis and is therefore not observed. 
Thus, Sato’s assertion, mentioned above, about a 
spasmodic evolution of latent deformation energy in 
bounds during the heating of alloys on the example 
of the Al-Cu alloy, is not confirmed. 

As the determination accuracy constitutes ~ 50%, 
the adopted method of determining the latent deform- 
ation heat permits us to determine only the order 
of this value and not the value itself if, of course, 
the deformation work in a drop hammer with a res- 
tricting ring was alike for all specimens. 

The inaccuracy is explained by the fact that 
highest value of the latent deformation energy is 
determined as the difference between two very 
large magnitudes — the quantities of heat used for 
annealing the alloy. The value of the latent energy 
is about 1% of the total quantity of heat required 
for heating the entire calorimeter system. 


Translated by A. Allan 
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ON THE SUBJECT OF “SUPER-DUCTILITY”® OF ALLOYS* 
A.A. PRESNYAKOV and V.V. CHERVYAKOVA 
(Received 25 May 1959) 


Some new facts relating to super-ductility in the systems Al-Zn and Al-Cu are quoted in this 
article and a conclusion is drawn about the connexion of this phenomenon with the crystalline lat- 


tice condition of the alloys. 


The phenomenon of super-ductility, first referred 
to in work [1] as the result of a new mechanism of 
ductile deformation, called by Bochvar [2] “solution- 
precipitation”, is of considerable theoretical inter- 
est from the point of view of a relationship between 
the mechanical properties of an alloy and its struc- 
ture and, what is particularly important, the altera- 
tion of this structure during the deformation process 
at increased temperatures. 

As it is known from the papers [3, 4] the applica- 
tion of external stress under conditions of raised 
temperatures is accompanied by profound changes in 
the structure of solid solutions. A stressed condi- 
tion, by promoting a rearrangement of atoms of the 
components of the alloy, facilitates the processes 
of segregation, the formation and growth of a nucleus 
of a new stable phase for the particular phase condi- 
tions. The movement of atoms arising in molten ele- 
ments, because of an increasing diffusion in the 
direction of the gradient of stresses, in its turn, 
reduces internal stresses and thus leads to a reins- 
tatement of the normal condition of the crystalline 
lattice distorted during the process of ductile de- 
formation. All these processes find a reflection in 
the origination of a special alloy condition as a 
result of a combination of certain definite deforma- 
tion conditions. 

Certain data relating to super-ductility are quoted 
in this work, which were obtained in the course of 
a systematic study of the influence of temperature 
on the ductility of aluminium alloys. 

A super-ductility effect was observed by us in a 
cast eutectic alloy of Al-Cu (33% Cu) during its 
static tension in the region of 500° and higher [5]. 
Tests of this alloy in a homogeneous and hardened 
condition, as well as of cast specimens under dyna- 
mic loading, did not disclose any traces of this 
effect. 


* Fiz, metal. metalloved., 8, No. 1, 114-122, 1959. 


Microphotographs of a eutectic alloy, shown in 
Figs. 1 and 2, offer an idea of the coarse structure 
of cast eutectics, characterized by a needlelike 
structure of the lamellae, elongated towards the 
centre of the casting (Fig. la) and of the uniform 
fine crystalline structure of the same alloy after 
homogenization (Fig. 2). To discover the character 
of the microstructure at the moment of deformation, 
when the alloy displays super-ductility, a micro- 
section of the specimen was heated to 525°, held at 
this temperature for 15 min and then hardened. As a 
result of this treatment the needlelike grain in some 
places (Fig. 1b) lost its clear outline and the text- 
ure of a casting, although the general character of 
a coarse structure has not changed. It should be 
mentioned that further polishing of the microsection 
for 3-5 min changed considerably the microstructure 
of the alloy (Fig. 1, c-d). Partial segregation had 
taken place; along the edges of the needlelike grain 
are seen formations of the second phase. 

In some places one can still see traces of the 
needlelike outlines (Fig. 1, c) but in others (Fig. 1, 
d) where the casting orientation was already lost 
during the heating, no traces are left of the former 
coarse structure. 

Microphotograph in Fig. 3a characterizes the 
structure of the same alloy after tension at 525° 
(one of the temperatures at which super-ductility is 
observed). A highly dispersed uniform structure 
illustrates the profond changes in the structure of 
the alloy which have taken place during the process 
of deformation. 

The microstructure of the homogenized eutectic, 
as well as of the one hardened after deformation 
had not changed at all (Fig. 2a). At the same time 
the degree of ductility has not left the limits of 
usual values [5]. 

The appearance of super-ductility during the 
stretching of a cast aluminium eutectic could not be 
explained by a mere change of solubility in a solid 
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FIG. 1. a — microstructure of cast eutectic Al-Cu in ordinary conditions; 
b — microstructure of cast eutectic Al-Cu after heating to 525° 
and keeping at that temperature for 15 min (after additional 


polishing for 3-5 min); 


c, @d — microphotographs of microsection. 


condition, because in a homogenized and hardened 
alloy, characterized by a finer structure and conse- 
quently a larger contact area of the interacting 
phases, the mentioned effect was not observed. 

Describing the solution-precipitating mechanism 
of ductile deformation Bochvar [2] mentioned the 
possibility of the appearance of super-ductility pure- 
ly because of the precipitating stage in the course 
of deformation, if the solution was accomplished 
beforehand. 

For a clarification of the mechanism leading to 
the appearance of super-ductility in such a case, 
experiments were carried out for the study of the 
crystalline structure of eutectic Al-Cu, when pass- 
ing from a cast to a deformed condition (when super- 
ductility arises) by means of X-ray structure ana- 
lysis and by the method of micro-hardness. 

When casting specimens of a eutectic alloy, to a 
certain extent a hardened “melt” was obtained with 
a much higher concentration of copper in it compar- 
ed with an equal weight of a saturated solid solution, 
with a coarse structure of large blocks [6]. This may 


be seen in Fig. 4, a-b and is confirmed by a para- 
meter study of a solid solution of copper in alumin- 
ium*. 

High temperature deformation produces an inten- 
sive segregation of metastable eutectic accompanied 
by a sharp increase of the cubic phase parameter 
and the appearance of a fine uniform structure 
(Fig. 3). Such a break-up should be accompanied 
by a great diffusion movement of the atoms, in ac- 
cordance with the peculiarity of the mechanism and 
the kinetic energy of eutectic segregation [7]. 

When studying Al-Zn systems, alloys were tested 
with a contents of Zn shown in Table 1. 

The method of preparing Al-Zn alloys and the 
testing of the specimens did not differ from those 
adopted for Al-Cu alloys. 


* Eutectic Al-Cu, shown in Fig. 4, was obtained by 
pouring it on to a polished surface, in order to avoid a 
distortion of its structure when analyzing the meta- 
stable alloy in the original condition. 


al 
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FIG. 2. a — microstructure of eutectiferous alloy Al-Cu in a homogenized 
state and ordinary conditions; 
b — X-ray diagram of homogenized Al-Cu eutectic. 
Etching reagent — 20% NaOH solution; x 96. 


TABLE 1. Zinc content of the alloys 


Alloy mark Zinc content, % 


Zinc content,% 


The thermal treatment routine was the following: 
homogenization at 400° (excluding 82-95 alloys) for 
168 hr. Alloys 82-95 were kept for the same time at 
350°. Quenching from temperatures of 400; 375 and 
300° (2 hr exposure) in ice water. 

Alloys containing 71 to 88 per cent Zn proved to 
be super-ductile tested in a quenched condition. 
Greatest elongation was noted, as in work [1], in 
the alloy containing 80 per cent Zn. Contraction, 
equal to 1.00 in this alloy, was observed beginning 
at 20° (although elongation did not then exceed 
66.8 per cent). 

At a higher temperature the value 6 increased 
sharply, reaching more than 648 per cent at 250 and 
275° (it was not possible to rupture the specimens 
at those temperatures because of testing equipment 
capacity). At 300° ductility dropped sharply, maxi- 
mum elongation amounted to 148 per cent and it was 
observed in the 82 per cent Zn alloy; elongation of 
the 80 per cent Zn alloy at 300° was 60 per cent. 


As shown in Fig. 5, the ductility isotherms, 
given for the interval 57.8 — 88.6 per cent Zn, form 
typical single spots up to a temperature of 275°, 
corresponding to an 80 per cent Zn composition, and 
the top ones are located on the isotherms corres- 
ponding to 275 and 250°. 

The microstructure of an alloy, containing 80 per 
cent Zinc, hardened from 375° (Fig. 6a) and then 
heated to 250° and kept at that temperature for 15 min 
before deformation (Fig. 6b), is characterized by a 
well dispersed structure with unevenly distributed 
sections where breaking up of the solid solution is 
noticed. An intensive break up with noticeable 
(without special instruments) heat evolution occurs 
during the first few minutes after hardening of the 
eutectoid alloy (which conforms to the data in 
papers [8, 10]) up to a certain degree of stability, 
which is, probably, maintained up to the moment of 


deformation (i.e. in our working conditions from 
30 min to 24 hr and more). Final segregation takes 
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FIG. 3. a — structure of a cast Al-Cu eutectic after tension at 525°, 
b — X-ray diagram of a cast Al-Cu eutectic after tension at 
525° and the appearance of super-ductility. 


FIG. 4. a — microstructure of Al-Cu eutectic, poured on to a polished surface 
(without polishing and etching) x 96; 
b — X-ray diagram of cast Al-Cu eutectic, obverse view. 


place during the process of deformation at increas- 
ed temperatures. The structure of the alloy obtained 
in this way (Fig. 6a) is very uniform and highly 
dispersed. 

The super-ductility effect does not depend quali- 
tatively on the hardening temperature (300; 375 or 
400°) so long as the hardening takes place above 
the transformation temperature (275°); however, 
quantitatively this effect becomes apparent more 
sharply with hardening from 400 and 375°, than with 
hardening from 300°. 

Cast and homogenized alloys produce only a 
“splash” of super-ductility within a narrow temper- 
ature interval contiguous to the temperature of the 
eutectoid transformation. (i.e. a sharp rise of the 
ductility curve and just as sharp a transition to the 
brittle state at a small change of temperature). 


However, the ductility parameters in such a case 
never attain a value, which is observed when test- 
ing alloys of the “eutectoid interval” in a hardened 
condition. 

It is particularly necessary to record the change 
of strength of hardened alloys in a super-ductility 
state. As mentioned already, a slight but still 
noticeable load is only fixed during the first mom- 
ent of elongation, and then the dynamometer pointer 
drops to zero reading and the entire deformation 
process, in a state of super-ductility continues at 
this reading of the instrument. The alloys have the 
lowest strength (as it is seen in Fig. 7) at a tem- 
perature of 275° and then the strength begins to in- 
crease in the region of 300°, and with a further rise 
of temperature a gradual steady reduction of strength 
is again observed. 
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FIG. 5. Al-ZN plasticity isotherms, depending upon 
zinc concentration, when tested in a condition 
hardened from 375°. 


Thus, as shown by the results of the examination 
of the systems Al-Cu and Al-Zn, a necessary condi- 
tion for the appearance of super-ductility, is the 
existence of metastability in the whole mass of 
crystals of the alloy under examination and a rate 
of deformation, commensurate with the rate of their 
break up at sufficiently high temperatures, ensuring 
the necessary mobility of atoms. 

If a eutectiferous alloy Al-Cu is poured into a 
graphite mould, which has not been specially heat- 
ed beforehand, this leads to a certain degree of fix- 
ing of the eutectiferous alloy. As proof of eutectic 
metastability in a cast condition, serve the sharp 
change of the structure of the alloy and the para- 
meter of a-solution as a result of subsequent high 
temperature processing: either prolonged homogeniz- 
ing annealing or a short time heating and deforma- 
tion with the appearance of a condition of super- 
ductility. 

Super-ductility, which occurs during the testing 
of a number of hardened alloys in the system Al-Zn, 
is obviously the results of a powerful diffusional 
movement of atoms, which accompanies the segre- 
gation process of a solid solution, in the direction 
of the applied load. The presence and the kinetics 
of this segregation were at one time studied in the 


papers [11-13]. Hansen, on the basis of these in- 
vestigations came to the conclusion that during the 
eutectoid segregation of 8-crystals“recrystallization 
arises, caused by an intensive diffusional process”. 
Apparently this process, intensified by the influ- 
ence of temperature, attains additional speed and a 
definite direction under the influence of an applied 
external load. 

The alloy deforms during complete absence of an 
arrangement order and an unusually low deformation 
resistance. 

The decisive part of eutectoid segregation in this 
phenomenon is confirmed by the following facts: 

1. When hardening takes place at temperatures 
below 275°, when metastability combined with 
eutectoid transformation is absent, super-ductility 
disappears as well. 

2. Super-ductility is not observed during deforma- 
tion of hardened specimens heated to 300°; tests at 
this temperature characterize ductile properties of 
a highly alloyed balanced solid solution. 

3. Super-ductility is more sharply pronounced 
when hardening from higher temperatures, which in 
such a case is naturally explained by a higher degree 
of metastability of the alloy and consequently, 
greater mobility of the atoms during segregation. 

4. Homogenized alloys, containing almost the 
completely segregation phase prior to deformation, 
as arule, do not display a special condition. A 
slight effect observed when they are tested near the 
transformation temperature is probably due to an 
insufficient stabilization degree during the process 
of homogenization. 

5. Ductility depends on the mass of the substance 
capable of segregation. A eutectoid alloy consists 
of such an “active” mass; the more an alloy differs 
from a eutectoid composition, the greater is the 
quantity of “inert” mass, which does not participate 
in segregation and impedes the intensity of diffus- 
ional flow; at a certain eutectoid content, super- 
ductility disappears completely. 

6. A cast alloy possesses a considerable degree 
of metastability, which is the cause of the phenome- 
non of super-ductility in eutectic Al-Cu, despite its 
coarse structure in comparison with the structure of 
a homogenized alloy. Crystallization of Al-Zn in 
ordinary conditions [8], distorts considerably the 
composition of the crystals, which is the most im- 
portant cause for the absence of an uninterrupted 
even flow of atoms within the whole volume during 
deformation. 

7. Segregation of metastable eutectic Sl-Cu as 
well as eutectoid Al-Zn, probably occurs in two 
stages. The first stage in both cases proceeds 
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FIG. 6. @ — microstructure of aluminium alloy containing 80 per cent Zinc, 
hardened from 375°; 
b — microstructure of this alloy, heated to 250° (after hardening 
from 375°) and kept at that temperature for 15 min; 
c — microstructure of alloy, containing 80 per cent Zinc after de- 
formation at 260° in a hardened condition. Etched with 20 per 
cent solution of NaOH; x 96. 
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FIG. 7. Change of strength depending on temperature of some alloys 
in the system Al-Zn, when tested in a hardened condition; 
1 — 71 per cent Zn; 
2 — 76 per cent Zn; 
3 — 80 per cent Zn. 
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spontaneously without external influence: in the 
eutectic Al-Cu, during the process of crystalliza- 
tion, and in the eutectoid Al-Zn, during the harden- 
ing process (proved by X-ray interferences, char- 
acterizing the presence of two phases in the alloy). 
The second segregation stage, or complete stabili- 
zation of the alloy proceeds only at high tempera- 
tures and the application of stresses of a definite 
magnitude. Obviously, super-ductility arises at this 
stage. 

8. Sharp reduction of strength, accompanying 
super-ductility, is evidently connected with a weak- 
ening of the interatomic bond, taking place during 


the reconstruction of the crystalline lattice. 

In this way, data about super-ductility, obtained 
by us in the course of a systematic study of alumin- 
ium alloys, leads to the conclusion of the connexion 
of this phenomenon with the condition of the crystal- 
line lattice of the alloy and certain definite proces- 
ses inside it, occurring as a result of temperature 
changes and the application of stresses. © 


Translated by A. Allan 


REFERENCES 


. A.A. Bochvar and Z.A. Sviderskaya, /zv. Akad. 
Nauk SSSR, Department of technical Sciences, 

No. 9 (1945). 

. A.A. Bochvar, /zv. Akad. Nauk SSSR, Department 
of technical Sciences, No. 5 (1948). 

. S.T. Konobeyevskii, Zh. expt. teor. fiz., 13, No. 6 
(1943). 

. K.A. Osipov, Izv. Akad. Nauk SSSR, Department of 
technical Sciences, No. 9 (1949). 

. A.A. Presnyakov and V.V. Chervyakova, /zv. Akad. 
Nauk SSSR, Department of technical Sciences, No. 3 
(1958). 

A.A. Presnyakov and V.V. Chervyakova, Vestnik 
Akad. Nauk SSR, No. 12 (1958). 

. A.A. Bochvar, Jssledovanie mekhanizme ikinetiki 
Kristallizatsii Splavov evtektieheskogo tipa 
(Analysis of the mechanism and kinetics of the crys- 
tallization of alloys of a eutectic type) 

United Scientific and technical Press, Moscow, 
Leningrad, (1933). 


8. V. Fuss, Metallurgia aliumima i Yego splavov 
(Metallurgy of aluminium and of its alloys) 
Moscow, (1937). 


. Bauer und Heidenheim, Z. Metallk, 
8, 221 (1924). 

. J. Rosenheim, J. Inst. Met. London, 30, 3 
(1921). 

. Frankel und Wachsmith, Z. Metallk, 20, 162 
(1930). 


. Frankel und Spanner, Z. Metallk, 19, 58 
(1927). 


. Schmidt und Wasserman, Metallwirtschaft, U, 386 
(1932). 


14. M. Khansen, Struktury binarnykh splavov 
(Structure of binary alloys) Metallurgizdat, 
(1941). 


VOL 
8 

195 

ll 

13) 
7 


Fatigue failures occur, as a rule, at points of 
stress concentrations, caused either by the geome- 
trical contours of the construction (cut-outs inter- 
mittent jointing, sharp re-entrant angles etc) or 
the structure of the metal (natural cracks, scale 
inclusions, porosity etc). Therefore, a systematic 
study of the problem of the influence of stress con- 
centrators on the fatigue endurance of steel, is un- 
doubtedly of some interest. 

Some investigators [1-9] have established the un- 
favourable role of stress concentrators and the con- 
siderable lowering of the fatigue endurance of steel, 
connected with it. It is partially shown in these in- 
vestigations that the effective coefficient of stress 
concentration differs from the theoretical by a degree 
the greater, the higher the property possessed by 
the steel of reducing stress concentration peaks by 
local plastic deformation and, consequently, the 
lower its sensitivity to notching. 

These investigations also contain about the rela- 
tionship of the sensitivity to stress concentration 
and the character of sectional stress distribution, 
the gradient of stresses and size of the component. 

In the present work changes ot fatigue endurance 
of steel were studied during a successive sharpen- 
ing — reduction of the radius of the notch base. 


MATERIAL AND INVESTIGATION METHOD 


Hot rolled steel sheets 10-12 mm thick, mark 
St. 3, 20G. 30G and SKS-1 (see Table 1) were used 
for the investigations. 

Tests were made in tension — compression and 
cyclic bending, in both cases with a symmetrical 
cycle with a base of 5 x 10° cycles and additionally 
on smaller bases. 

Tests of the first kind were carried out on a 
Losenhausen pulsator of 5t. capacity and of the 
second kind on small machines of the Lohr-Schenk 
type. Centering of specimens during tension-com- 
pression tests was ensured by grips of a special 
design, and their working reliability was checked 
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several times by statistical loading of the specimens 
by means of resistance extensometers pasted to the 
opposite sides of the specimen. For bending tests, 
centering of the specimens was ensured by the cons- 
truction of the collets of the testing machines and 

a corresponding setting of the specimens; the beat 
did not exceed 0.01 to 0.02 mm. 

For the tension-compression and bending tests, 
plain and notched specimens were used (Figs. 1 and 
2). Radius of the notch of the notched specimens 
used in tension-compression tests varied from 2.5 
to 0.05 mm, and for bending tests — from 3.0 to 
0.1 mm. 

The specimens in tension-compression tests 
were produced by special technology, and dimension- 
al symmetry in relation to the axis was ensured with 
an accuracy of + 0.01 mm. Each notched specimen 
was checked under a microscope in respect of the 
symmetry of the side notches in relation to the 
axis and the degree of coincidence of their bases 
along the vertical. Only such specimens were chosen 
for the tests, whose corresponding deviation did 
not exceed 0.05 mm. The absence during tests of 
scattered data, exceeding the normal, confirmed the 
sufficient accuracy in the preparation of the speci- 
mens and reliability of their centering. 


RESULTS OF THE TESTS AND THEIR 
CONSIDER ATION 


Graphs, characterizing the basic dependence of 
the fatigue endurance of steel on the magnitude of 
the concentration of stresses during tension-com- 
pression and bending, are shown by the co-ordinates 
ultimate endurance — stress concentration coeffi- 
cient, and also by co-ordinates ultimate endurance — 
inverse value of the notch radius 1/p (in mm™). The 
last method of plotting was utilized, because the 
coefficient of the concentration of stresses is basi- 
cally characterized by the magnitude 1/p, whose 
determination is easier that that of the full value a,. 

The results of the tension-compression tests are 
shown in Figs. 3-4. The bending test results are 
characterized by curves of the same kind and they 
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TABLE 1. Mechanical characteristics of steel tested in fatigue endurance 


Elongation Temporary True shear Relative Relative 
limit 0. resistance resistance elongation compression 


op kgsmm? Sk» kg/mm? Ss, % Y, Te 


With |Across With |iAcross< With |r Across<¢ [Across:| With Across 
the the the the the the the the the 
grain | grain grain grain grain grain grain grain grain 


23.0 | 24.5 44.5 86.0 30. 28.5 65.0 


129.0 | 26.5 71.5 


129.0 


a 


6 


r=3,0 


182 


FIG. 1. Diagrammatic representation of specimens for tests in tension — compression: 
a—plain specimen; 5 — notched specimen. 


FIG. 2. Diagrammatic representation of specimens for cyclic bending tests: 
a—plain specimen; 6 — notched specimen. 
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FIG. 3. Curves of limit of endurance changes, determined on a 
5 x 10° base in tension-compression depending on the inverse 


value of the notch radius base, for different types of steel: 


1 — SKS-1; 
2 — St. 3; 
3 — 20G; 


are, therefore, only shown in the comparative dia- 


gram, Fig. 5. 


The character of all test diagrams, both in tension- 


compression and in bending, is the same: with a re- 
duction of the notch radius and a rise of inverse 
value of p, and also with an increase of the stress 
concentration coefficient the endurance limit de- 
creases, however, at a certain 1/p and a), value 
this reduction stops and further on, the endurance 
limit continues to stay practically at a constant 
level. This is correct in an equal degree for tests 
on a 5 x 10 base, and on any other base. 

The observed features are evident especially 
clearly in the diagram plotted on logarithmic co- 
ordinates. It should be generally noted that the 
curves 


8_1=f(ae) ow 


on usual or on logarithmic co-ordinates are almost 
completely identical with the normal fatigue curves 
on co-ordinates o — N or o — 1gN. 

The endurance limit, corresponding to the attain- 
ment of the lowest level for the particular base, i.e. 
a level when the curve 


4 — 30G. 


begins to run parallel to the abcsissa axis, may be 
termed the extreme endurance limit and may be de- 
noted o.,,5. The greatest radius of the notch base, 
which corresponds to o_,np, it is convenient to call 
the limiting radius of the notch base and denote it 
by p,,- The extreme endurance limit corresponding 
to the base 5 x 10° and practically equal to the 
value, found on a base of 10’ cycles, has a minimum 
magnitude and characterizes the minimum possible 
value of fatigue endurance. 

It follows from what has been said that the normal 
fatigue curve, obtained during the tests of speci- 
mens with a notch of limiting sharpness, is also the 
curve of the extreme endurance limits for a chang- 
ing test base. 

Analogous with the usual fatigue curves, the left 


branch of curves 
1 
o_| 


in the logarithmic system of co-ordinates (S. Fig.4) 
may be characterized by the equation 


= —— =const, 
Pi Pnp 


Where K — cot of the angle of inclination of the 
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12 


FIG. 4. Curves of limit of endurance changes, determined 
on a base of 5 x 10 cycles in tension-compression de- 
pending on the theoretical coefficient of stress concent- 
ration on logarithmic co-ordinates for different types of 
steel: 

1 — SKS-1; 

2 — 20CG; 

3=—St. 2: 

4 — 30G. 


branch of the curve under consideration; 01,5 — 
extreme value of fatigue endurance; Pap — value of 
the limiting radius of the notch base, corresponding 
to the break in the curve and its emergence on to the 
horizontal level. 

The dependence o_, and m 1/p may be also expres- 
sed in the following way 


bA exp eee, 


Where m = 1/K — tangent of the angle of inclination 
of the left branch of the curve; A — original ordinate; 
a and b — constants, determining boundary conditions; 

With p > 0.2 mm a=0, b=1 

With p < 0.2 mma=1, b=0 

Correlations, analogous to those quoted, may be 
also obtained for curves 


o_; 


plotted on logarithmic co-ordinates. 

In accordance with the obtained data it is possible 
to draw the following principal conclusions: 

The extreme endurance limit, determined on a 
base of 5 x 10° cycles (or 10” cycles), during tension- 
compression may drop to very low magnitudes. This 
limit does not greatly depend on the compression of 
the steel and is located in the interval 7—9 kg/mm? 
for those of the tested types of steel, for which the 
endurance limit (plain specimens) fluctuates from 
17 — 28 kg/mm?. 

If the greatest divergence of the endurance limits 


3 


Theoretical concentration 
coefficient a 


~ 


S 


0.,, kg/mm? 


ndurance limit 


k 


FIG. 5. Comparative curves of limit of endurance 
changes of St. 3 steel, determined in tension- 
compression and cyclic bending depending on 
the theoretical stress concentration 
coefficient: 


1 -- bending; 


2 — tension-compression. 


in the first case amounts to about 25 per cent, then 
in the second it is about 60 per cent. The position 
is about the same with regard to endurance limits 
determined on a 10° cycles base and other bases. 

For bending tests a higher magnitude is obtained 
for the minimum value of the extreme fatigue limit 
than for tension-compression and averages 12—14 
kg/mm? (see Fig. 5). However, the drop of the en- 
durance limit when going over from plain to notched 
specimens with a notch of limiting acuteness, in the 
case of bending, on the contrary comes out higher 
than in tension-compression. If in the latter case the 
ratio 

oP 1 


aP 
lnp 


has a value of 2.0 — 2.5, then in the first case — 


= 2.5 — 3.0. Therefore, when comparing fatigue 
limits of plain specimens, the excess of o4, com- 
pared to o, is larger than a similar excess in the 
case of specimens with a limiting acute notch. If 
in the first case the ratio of endurance limits is 
1.5—1.8, then in the second it is 1.3—1.5. This 
divergence is particularly noticed when compared 


with the absolute difference 
, = |, 
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FIG. 6. Dependence of endurance limit, determined in tension-compression 
of notched specimens (steel type St. 3), on excentricity in accordance with 
experimental data: 


1 — experimental curve; 
2 — theoretical curve. 


which is the same for plain and notched specimens, gradient influence quoted above and confirms the 


correspondingly 12—16 and 4—6 kg/mm?. conclusions drawn from it. 

The mentioned feature of the influence of a bend The lowering of fatigue endurance by a light notch 
on the value of fatigue endurance may be explain- is considerably less than it should be in accord- 
ed by the presence of a gradient of stresses. The ance with the theory of elasticity and as a result of 
presence of a notch, more so of an acute one, this the effective coefficient of stress concentra- 


tion Kg comes out smaller than the theoretical 
ax. By increasing the acuteness of the notch this 
difference gets smaller and attains its minimum 
magnitude at the limiting radius of the notch base. 


creates the appearance at its apex of a gradient of 
stresses, a very sharp one both during bending and 
tension-compression. In such conditions the favour- 


able influence of a stress gradient, especially due 
to bending, may play a considerably less important With a further reduction of the radius of the base 
part, than on plain specimens. of the notch the magnitude K, remains practically 
Although the adduced conclusions are quite ob- unaltered, and ay, increases continuously, as a 
vious and agree with literature data [1, 2], they may, consequence the difference between Ky and axg 
however, raise some doubts because of the differ- also gets larger. 
ence in the shape of the specimens used in bending When appraising steel by the magnitude of the 
and tension-compression tests. coefficient of sensibility to a cut 


To obtain additional material we carried out 


tension-compression tests on notched specimens K 

with a varying eccentricity of load application and, 4 = 

correspondingly, with a changing gradient magnitude “eI 

due to bending. The tests were carried out on spe- 

cimens of the usual shape with symmetrical side one obtains curves shown in Fig. 7. From these 

notches on both sides with a base radius p = 1 mm curves, in accordance with what has been stated, it 

(a, = 2.5). The centre of the working section of the follows that with very small p and large a, the 

notches was placed axially or with an eccentricity value of the coefficient of sensibility to a cut 7 is 

in relation to the centre line of the specimen. converging on zero. It is seen quite clearly that in 
Under the influence of eccentricity the endurance a less durable steel (St. 3) sensibility to a cut is 

limit drops and more considerably in the region of lowest, and in this steel the growth of the coeffi- 

slight eccentricities (Fig. 6). However, the differ- cient of sensibility with an increase of the radius 

ence between the theoretical and the experimentally of the notch or a reduction of ayg proceeds much 

determined influence of eccentricity on fatigue en- slower than in the more durable steels: 20G and 


durance is very small, which indicates the slight SKS-1. However, for all types of the studied steels, 
influence of the gradient due to bending in the the most important increase of the sensibility coef- 
presence of a notch. This conforms to the data of ficient occurs in the region of low values of the 
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FIG. 7. Dependence of the sensitivity to a cut coefficient 
on the radius of the notch base for different steels: 
1 — SKS-1; 
2— 20G; 
3 — St. 3. 


radius of the notch base. 

The great capacity of steel to reduce peaks of 
stress concentrations for account of local plastic 
deformation, especially with very sharp notches, 
when 7 = 0, is an important property of steel. In 
less durable steel, in accordance with the data in 
the works [2, 5], this capacity of lowering the mag- 
nitude a, is seemingly, larger and the value of the 
coefficient of sensibility to a notch, corresponding- 
ly smaller. However, the difference for the compar- 
ed types of steel is not very large. 

The lesser sensitivity to cut of the less durable 
steels is characterized on the curves 


=i 


by a more gentle slope of the left hand branch than 
for a stronger steel. As a result of this, the limit- 
ing radius of the notch base of the less durable 
steels come out somewhat larger and the limiting 
theoretical stress concentration coefficient — small- 
er than for stronger steels. For instance, for St. 3 
steel p,, = 0.5 mm, agp, = 3.3, and for steels 20G 
and SKS-1, correspondingly p,, = 0.25 mm and 

= 4-7. Generally, however, for a majority of 
steels during tension-contraction and bending 

Pap = 0.2—0.3 mm, = 4.0—5.0 and Kg,,=2.5— 
3.0. 

It should be assumed that with a geometrically 
similar increase of size, the magnitude of the limit- 
ing radius of the notch base should grow in propor- 
tion to the changes of size. 

In Fig. 8 are placed side by side the curves of 
sensitivity to a notch of specimens cut along and 
across the rolling direction. Sensitivity to a cut 
with the given op is considerably less in the cross 


@ 

| 2 

30 40 50 60 70 60 


Temporary resistance op 
kg/mm? 
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Sensibility to a cut 
coefficient 7 


FIG. 8. Dependence of the sensitivity to a cut coefficient 
on temporary resistance (p = 0.5 mm): 
1 — specimens cut in the rolling direction; 
2 — specimens cut across the rolling 
direction. 


grained than in the long grained specimens and with 
a reduction of durability the relative difference 7 is 
increasing in both specimens, whereas the absolute 
divergence 7 is at the same time getting slightly 


smaller. 8 
This phenomenon should be due to a relatively 19) 


larger size of grain of cross cut specimens compar- 
ed to those cut in the rolling direction. 

It should be mentioned that in a as much as the 
data, which was examined, was obtained for one 
and the same material from specimens differing only 
in respect of their orientation in relation to the 
direction of rolling, it serves as very convincing 
proof of the known dependence of the sensitivity to 
a cut on the size of grain. 

Comparing the fatigue endurance curves of plain 
specimens and specimens with a notch of limiting 
sharpness, tested in tension-compression as well 
as in bending, one may point out one particular 
feature, previously established [10] and mentioned 
in work [11]: with a large number of reversal cycles 
(NV), the endurance limit of specimens with a sharp 
notch is less than that of plain specimens. With a 
small N this difference drops, and with 


N <108— 104 


the correlation of endurance limits of the specimens 
mentioned may have different inverse signs. This 
is explained by the intensive influence of stress 
concentration in case of a large number of cycles 
and the prevailing influence of the volume of stres- 
sed condition, associate with the growing strength 
of metals in a ductile condition, compared with the 
influence of stress concentrations during a smaller 
number of cycles. 

CONCLUSIONS 


1, With an increased sharpness of the notch and 


108 


a growing coefficient of stress concentration both in 
bending andin tension-compression a drop occurs 
in the fatigue endurance of low carbon and low- 
alloy steels, which drops to the extreme value, and 
practically remains unaltered in the event of a 
further sharpening of the notch. 

2. The maximum radius of the notch base, corres- 
ponding to the attainment of the extreme magnitude 
of fatigue endurance, may be termed the limiting. 

In bending and tension-compression, for specimens 
with a section areas of 30—60 mm’, it has a value 
of about 0.3 mm (0.2—0.5 mm). 

3. The noted peculiar features are characteristic 
for the endurance limit with any base, whereas the 
extreme endurance limit, established on a base of 
5 x 10° cycles (if it is accepted equal 7_, on a base 
of 10’ cycles) for steel has a minimum value. There- 
fore, the usual fatigue curve for specimens with a 
notch of limiting sharpness is simultaneously the 
curve of extreme fatigue limits for changing test 
bases. 

4. The stress gradient influence results in an 
increased fatigue endurance in bending compared 
with tension-compression. However, a positive 
influence of a gradient through bending proves to be 
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Data available in references [2-5] concerning slip 
in beryllium are scarce and contradictory. The data 
mainly refer to polycrystalline materials. Some 
authors [3-5] consider that no slip occurs in beryl- 
lium at room temperature. However, slip along the 
basal (0001) plane in specimens of previously twin- 
ned single crystals of beryllium was found not only 
at room temperature but also at lower temperatures 
[1]. In the present work the processes of slip were 
studied in single crystals of beryllium which had 
not been previously twinned and the relationship 
between the processes of slip and fracture of beryl- 
lium crystals in a wide range of temperature elucid- 
ated. 


SPECIMENS INVESTIGATED AND 
EXPERIMENTAL PROCEDURE 


Specimens were prepared from a single crystal 
beryllium block grown by slow solidification of the 
liquid metal in vacuum. The purity of the starting 
material was 99.7 per cent. The block was cut on a 
grinding machine with an electric corundum disc of 
the “D” brand. The work-hardened layer was remov- 
ed by etching in aqueous solution of hydrofluoric 
acid. The specimens were in form of rectangular 
prisms, 3.5 x 4.0 x 7.0 mm. Two side faces (3.5 x 
7.0 mm face of the a type and 4.0 x 7.0 mm face of 
the b type) were polished. Crystals had no distor- 
tions judging by appearance of the Laue pictures. 

Experiments were conducted in conditions of 
straining by compression on a special press [6] with 
a constant rate of deformation (0.03 mm/sec) at 
temperatures: — 253, —196, +20, 400, 600 and 
800°C. 

Specimens were orientated so that the basal 
(0001) plane was inclined at an angle of 45 + 1.5° 
to the axis of compressive forces (Fig. 1). The 
side face of the specimen was parallel (with an 
accuracy of 30’) to the prismatic plane of the first 


* Fiz. metal. metalloved., 8, No. 1, 130-139, 1959. 
See [1]. 


FIG. 1. Crystallographic orientation of monocrystalline 

specimens of beryllium. The a-type plane (plane of 

drawing) is inclined at an angle of 45° to the basal 

plane (0001). The [1120] direction and the (1100) plane 
are parallel to the side plane of the b-type. 


order (1100), hence to the diagonal of the first order 
[1120]. 

Elements of plasticity and fracture were identi- 
fied by traces of distorted bands and cracks dis- 
closed on the previously polished faces of speci- 
mens. The results were plotted on the standard 
stereographic projection of the basal plane of the 
crystal. The X-ray structural examination method 
was used for the orientation of specimens and for 
an additional verification of the elements of slip 
and fracture. 

The pattern of the basal slip-bands was also 
examined by means of electron microscope (magni- 
fication 10,000). For this purpose replicas were 
made by evaporation of quartz in vacuum. Contrast 
was obtained by evaporating chromium on the speci- 
men surface [8]. The quartz film and the contrast- 
making layer of chromium were removed from the 
specimen surface by using gelatin. 


RESULTS OF INVESTIGATIONS 


Metallographic examination of the surface of the 


400-800" 4 
Macroslip 
400-600° 
-196° 


FIG. 2. Schematic representation of the outward appear- 
ance of slip-traces in berryllium at various temperatures: 
1 — trace of slip on the basal plane (0001); 
2 —5 — traces of pyramidal slip on the (1104), 
(1103), (7102) and (1121) planes. 


compressed specimens showed that in a wide range 
of temperatures (from — 196° to + 800°) slip on the 
basal plane (0001) occurred in the single crystals 
of beryllium oriented as described above. The char- 
acter of slip-bands depends on temperature. At 

— 196° the basal slip is disclosed in the form of 
fine slightly branched wave-shaped lines; the slip 
develops with increase of stress as shown mainly 
by the occurrence of new fine slip-bands. In cases 
where there is an inclusion on the polished micro- 
section, e.g. a grain of beryllium oxide, the first 
slip-bands originate near the inclusion. On its ap- 
pearance the band does not cross the whole section 
of the specimen but with increased deformation it 
extends through the whole width of the single cryst- 
al. In specimens deformed at higher temperatures no 
bands of branched structure are observed, the slip 
is of a more pronounced crystallographic nature. At 
the a-type faces (see Fig. 1) the regime of straight 
lines occur oriented parallel to the basal plane. 
From 20° upward the slip-bands exposed on the 
b-type plane are strictly straight lines. In Fig. 2 the 
slip-bands are schematically shown as they appear 
in the single crystals of beryllium at various tem- 
peratures. 

The photo-micrographs of the specimen faces 
after compression at 20°C are shown in Fig. 3, a- 6, 
and the interference microrelief pictures of these 
faces in Fig. 3, c-d. The traces of slip on the a- 
type faces (Fig. 3 a and d) are wave-shaped, on the 
b-type faces (Fig. 3, a and c) linear and inclined 
at an angle of 45° to the axis of compression. The 
slip takes place in the [1120] direction hence the 
interference picture of the b-type face undergoes no 
displacement across the traces of slip. 


Investigation of plastic properties of single crystals of beryllium lll 


In the electron-microscopic examination the slip- 
bands are resolved as lamellae. At temperatures of 
— 196° and + 20° the lamellae are 0.1 and 0.3 u 
thick respectively* (Fig. 4); at higher temperatures 
they are a little thicker (0.5 » at 400°). The increase 
in stress does not noticeably affect the thickness 
of the lamellae but results in the increase of their 
number. The amount of shear in the lamellae is ap- 
proximately equal to the thickness of the lamellae 
and does not depend much on the extent of deforma- 
tion. The amount of shear can be easily estimated 
by the displacement of the scratch which intersects 
the slip-band on the 5-type face (Fig. 5). The trace 
of the slip-band on the face of a-type is lamellar. 
However, from 20°C upwards the relative shear of 
some bands is increasing appreciably. The macro- 
scopic deformation is mainly developing just within 
these bands (especially at 400° and higher). Stres- 
ses at which the bands of great relative shear occur 
depend on temperature; they decrease with rise of 
temperature approaching the value of the yield 
strength at a temperature of 600°C. 

With rise of temperature the total number of slip- 
bands decreases and the magnitude of the shear in 
some bands increases. The total thickness of the 
“lamellae” amounts to 5-6 micron. The shear within 
the lamellae reaches 100 micron, that is the tangent 
to the angle of shear in the bands with large rela- 
tive shear is approximately equal to 20. Instead of 
lamellar distinct step-like bands are obtained on the 
surface of the a-type face. These bands form the 
clearest traces on the b-type faces; on the a-type 
faces the displacements of interference fringes cor- 
respond to the traces in conformity with the above 
stated shear. The regions between two such slip- 
traces contain a great number of fine slip-bands in 
which the displacement of interference fringes is 
insignificant. The occurrence of a large relative 
shear in an individual band affects the mechanical 
deformation curve and results in the change of its 
slope. 

In Fig. 6 the mechanical deformation curves of 
beryllium at various temperature are given. It is 
evident that the decrease of temperature results in 
the increased slopes of the curves. This is in good 
agreement with the observed rise of the latent ener- 
gy of plastic deformation with drop of temperature 
[9]. Since the slip is localized in individual lamel- 
lae, it should follow that the latent energy of de- 
formation is also accumulated mostly within these 
lamallae, in which distortions evidently reach their 


* At -- 196 cracks and fracture nuclei are visible at the 
edge of the slip-band. 
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FIG. 3. Microstructure of slip-band traces: 


a — traces on the b-type face; 
b — traces on the a-type face; 


c — d — interference relief picture of corresponding faces. The broad black 
strip intersecting the slip-lines on the b face is the scratch preli- 


minarily made. 


Displacements of the scratch can be clearly seen on the bands of 
large relative shear. Temperature of tests + 20°. Compression 


deformation 4.9 per cent; x 432. 


FIG. 4. Slip-bands on the b-type plane (the shear plane): 
a — after 3.4 per cent compression at — 196°; 
b — after 3.9 per cent compression at + 20°. 
The slip-bands are intersected by microcracks 
on the prism plane of the II type (1120); 


x 8,000. 


limits quicker at lower temperatures. This should ex- 
plain the fact that at low temperatures a great number 

of slip-bands occur with small relative shear in each. 

The slip-bands with large relative shear develop only 
at high temperatures. 

The yield strength in basal slip was determined 
as the compression stress corresponding to the 
occurrence of the first traces of slip. An appreci- 
able rise of yield strength takes place at low tem- 
peratures. Thus, at — 196°C the yield point is 
44 kg/mm? while at 20° it is 19 kg/mm?. From 20°C 


towards higher temperatures the yield strength 
slowly decreases. In the range from 600 to 800°C 
the yield strength remains constant (Fig. 7, curve 
5,). A permament deformation of the crystal develops 
before the occurence of slip-bands. For example, 

at — 196° a permanent deformation of 3 per cent 
precedes the basal slip. At — 253° the specimen 
breaks without developing slip-bands, its permanent 
deformation amounts to 2.7 per cent. The initial 
stage of deformation at low temperatures (— 196, 

— 253°) is associated with the formation of blocks 
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4h, mm 


FIG. 6. Load-strain curves for single crystals of 
beryllium (the curves for various temperatures 
are displaced along the abscissa). 1 mm on the 
abscissa corresponds to 6D p of deformation, | mm 
onthe ordinate axis corresponds to 18 kg of load. 


FIG. 5. Break of the scratch on slip-bands. The face 
of b-type. Temperature of test + 20°. 
Compression deformation 1.5 per cent; 

x 10,000. 
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FIG. 7. The variation of mechanical characteristics of single crystals 
of beryllium with temperature: 
0, — yield stress in compression; 
— compression strength; 
— overall permanent compression; 
5, —permanent compression preceding the appearance of the first 
slip-bands. 


of a mosaic structure. On the X-ray photographs 
taken of the deformed specimen a split in the spots 
of the Laue diffraction pattern is found which indic- 
ates that the crystal is broken into fragments of 


varying orientation. This disorientation of the 

blocks as compared with the initial orientation of 
the crystal is rather small. The blocks hamper the 
process of basal slip and increase the resistance 
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FIG. 8. Prismatic slip in single crystals of beryllium (see Fig. 2): 
a — the trace of slip on the face of a-type. The 1.2 per cent 
compression at 20°; x 10,000; 
b — trapezial slip on the face of a-type. The 1.5 per cent 


compression at 400°; x 432. 


to shear in the specimen. The part of deformation 
which precedes the occurrence of the slip-bands 
decreases with the raised temperature of test (see 
Fig. 7, curve d;). 

The wavy shape of slip-bands at low temperatures 
may be attributed to the effect of the blocks formed. 
With rise of temperature the slip-bands acquire a 
more pronounced crystallographic character, no 
block formation is observed. From 20° upwards the 
electron microscope resolves straight regions of the 
wave-shaped traces of slip having a strictly crystal- 
lographic orientation (Fig. 8, a). At 400°C and high- 
er temperatures the straight regions are clearly 
shown by means of metallographic microscope (Fig. 
8, 5). Examination of the projections produced on 
the a-type face (Fig. 1) indicated that prismatic slip 
occurrs in beryllium, especially at high tempera- 
tures; individual prisms bound by the planes belong- 
ing to the zone of the slip direction [1120] move 
relative to one another. Most often the translation 
takes place along the basal plane (0001). However, 
the (0001) stages are separated by the {(1104)} and 
{(1103)} planes. The {(1102)} planes occur less fre- 
quently (see Fig. 2). As a result of prismatic slip, 
the trapezoidal traces are obtained on the a-type 
faces formed e.g. from a pair of traces of the (0001) 
plane and of the pyramidal planes of the first order 
(1102) and (1103). An example of such a slip-band 
is shown in Fig. 8,5. Interferometric investigations 
showed that the difference in level of separate 
stages may reach a value of 0.5 micron. By compar- 
ing the electron-microscopic with the metallograph- 
ic photographs of various regions of the crystal 
surface (Fig.8,a,b) it is easy to see that the struc- 
ture of fine and coarse prismatic slip-bands is 
similar. 

The prismatic slip evidently originates as a 
result of the fact that the basal plane of beryllium 
is not a particularly densely packed plane (the 


ratio c/a in beryllium is 1.567, in zinc — 1.85, in 
cadmium — 1.88; in dense packing this ratio should 
be equal to 1.63). The other planes belonging to the 
zone with the [1120] axis do not differ much in their 
density of packing from the basal planes. 

Before deforming a specimen, slight scratches 
were made parallel to its axis on some carefully 
polished microsections. After deforming and shadow- 
ing,pictures were taken of the bands intersected by 
the scratch on the replicas. In this way a picture 
of the slip lamellae intersected by the scratch was 
obtained (Fig. 5). In one case it was established 
that the displacement of one scratch was appreci- 
ably greater than that of the neighbouring one inter- 
secting the same slip-band. It was found by calcul- 
ation that the difference in displacements of these 
scratches amounted to 5 per cent of the initial dis- 
tance between them. 

If we assume that in straining the compression 
takes place on one side of the band and the ex- 
pansion on the other [10], the permanent deforma- 
tion then should amount to + 2.5 per cent. This 
appreciably exceeds the amount of deformation cor- 
responding to the yield strength at the temperature 
given. Consequently, the irregularity of slip along 
one and the same band may lead to the plastic de- 
formation in compression and expansion along the 
direction of slip and in some cases to the rupture 
of material between two adjacent slip-bands. The 
surfaces of such ruptures must be so oriented that 
their traces on the b-type plane should intersect 
the slip-bands. Just this type of rupture was found 
in the experiments described here at a temperature 
range from — 196° to + 20°C. 

In Fig. 4 the electron-microscopic photographs 
and in Fig. 9 the photomicrographs of the surface 
parallel to the plane of shear are shown (with the 
pictures of transverse cracks). These first nuclei 
of fraction are oriented parallel to the prism edge 
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FIG. 9. Photo-micrographs of transverse microfractures occurring as a result of 
irregular shear in slipping along the slip-bands. The b-type face: 
a -- fracture along the (1120) plane (see Fig. 4); 
b — fracture along the (1122) plane. Temperature of test + 20°, compression 


deformation 5.2 per cent; x 432. 


FIG. 10. Slip-traces of polygonized single crystal of beryllium. The wavy shape of the 

slip-traces and the blocks of polygonization. The procedure of treatment: 0.6 per cent 

compression at 20°, annealing at 800 for 3 hr, repeated 0.8 per cent compression at 
20°; x 8,000. 


of the II order — (1120) and to the pyramid planes 
of the II order — (1122) and (1123). Further strain- 
ing leads to the break of continuity in individual 
weakened regions of basal slip* and the main rupt- 
ure develops by transferring from one basal slip- 
band to the next. At 400° and higher the rupture is 
of a more definite crystallographic nature, shear 
becomes more regular, slip of individual bands takes 
place with a very large relative shear and ends with 
the rupture along the basal plane (0001). Fracture 
along the twinning plane (1124) happens very rarely. 
In Fig. 7 the compression strength (o;) and the 
overall residual compression (5) as the functions of 
temperature are shown. The strength was determin- 
ed by the multi-step straining until the first crack 
appeared shown by the drop of the P—A & curve. 
It was found that the breaking stress at — 253° is 


* In work [8] the formation of transverse rupture within 
the slip-band itself was noted. 


lower than that at — 196°. With rise of temperature 
the breaking strength drops and the ductility conti- 
nuously increases. 

Quite a number of experiments were performed in 
order to explain the nature of basal slip in the spe- 
cimens which had undergone a two-stage straining 
at 20° with intermediate annealing at high temper- 
ature. The specimens were first strained at 20° by 
0.5 per cent (until the appearance of first slip- 
bands), then annealed in vacuum at a temperature of 
800° during 3 hours and again compressed at 20°. 
With higher straining new slip-bands occurred. Their 
character changed sharply. The traces of bands be- 
came curved, very fine and by their appearance re- 
sembled those usually occurring at — 196° (Figs. 

10 and 4, a). Some traces as if avoiding obstacles, 
split into two branches. The curved and branched 
slip-traces on the shearing plane are the result of 
polygonization which took place during the heating 
of the previously  eformed crystal. Individual 

blocks of polygonization can be seen on the electron- 
microscopic photographs (Fig. 10,6). The polygon- 
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TABLE 1. Crystallographic elements of slipping, twinning and fracture and the 
temperature range of their development 


Elements and character of plasticity and | Temperature range of development, Remarks 
fracture °C 


At 20 and higher, formation of 


Formation of the blocks of mosaic 
blocks feebly marked 


structure — 253, — 196 
Slipping: 

a) Basal (0001), [1120] — 196, + 800 
b) Pyramidal 
{(1104)} and {(1103)} 20— 800 
[1120] 

(1102)* 400 — 800 At 400 — 800° fault formation 

[1120] and slip along (1121) occur 


Twinning: 
{(2312)} — 253 — 400 


{(1102)} , {(2203)} —253— 20 
(1124) 20 — 600 


Fracture: 
a) Basal (0001) — 253 — 800 Sometimes along the twinning 


6) Prismatic (1120) — 196 — 400 plane (1124) 
c) Pyramidal (1122) a. (1123) 20 — 400 


* This kind of pyramidal slip was earlier detected in magnesium [13]. 


% PO. D.2203 
® 
01/2 
SD.N02Sj103 


FIG. 11. Standard stereographic projection of the basal plane (0001) of a 
single crystal of beryllium: 
S — crystallographic members of slip; 
D — crystallographic members of twinning; 
R — crystallographic members of fracture; 
O — direction of the axis of the crystals investigated. 


ization of a single crystal of beryllium leads to the The polygonization is a result of the blocks being 
increase of its yield strength by over 30 per cent*. formed in the process of deformation at room temper- 
ature and lower. The block structure is exposed in 
annealing, the angle of the subgrain mosaic struct- 
ure increases and the stress, localized in individual 
regions of the deformed crystal, released. 


* The increase of yield strength by annealing was already 
noted in twinning single crystals of calcite | 11]. 
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FIG. 12. Orientation of single crystals of beryllium: 

position 1 and 1” — crystals in which slip on the 

basal plane occurred after twinning all over the 

body; position 2 — crystals in which the slip occur- 
red without preliminary twinning. 


In compressing the specimens investigated, mech- 
anical twins occur near the gripping surfaces, that 
is, in the places where stresses are concentrated. 
For the chosen orientation of the beryllium speci- 
mens a great number of various twinning planes de- 
velop. With raised temperature of testing, the num- 
ber of twinning planes varies. The greatest number 
of sets of twinning planes was found at 20° (see 
Table 1). This fact contradicts the assumption that 
the presence of intersecting twinning planes is the 
indication of brittleness of beryllium, because the 
number of various twinning planes decreases at the 
temperatures at which beryllium becomes more 
brittle. 

The comparison of mechanical properties of the 
single crystals of beryllium of the O orientation 
(Fig. 11) with the properties of the single crystals 
previously twinned all over the crystal and having 
an orientation close to O (Fig. 12) renders it pos- 
sible to draw the important conclusion that the pre- 
vious twinning has a favourable effect on the 
strength and ductility of the crystal. In the crystals 
twinned at 400° this effect is not strongly display- 
ed. In such crystals the relative shear in specific 
lamellae reached y = 200. 

In Fig. 7 the arrows 1 and 2 mark the points which 
refer to the ductility and the strength respectively 
when basal slip occurs in the crystal which was 
previously twinned completely. As shown the in- 
crease in ductility reaches 35 per cent and in 
strength 80 per cent. Critical shearing stresses in 
the specimens of different orientation but twinned 
along similar planes are different. The twinning 
process is accompanied with an appreciable 
strengthening at the boundaries of the laminae 
formed. The thickness of twins is small and it 


increases with temperature (2 » at — 253° and 10u 
at 400°). The violation of the law of critical shear 
stresses and the increased strengthening in strain- 
ing the specimens with the O orientation should 
evidently be closely related to the effect of the 
blocks being formed in the initial stage of compres- 
sion. 

We express our gratitude to B.G. Lazarev for 
valuable advice throughout this work. 


CONCLUSIONS 


1. Crystallographic elements and mechanical 
characteristics of various kinds of plasticity and 
fracture in beryllium single crystals were deter- 
mined at the temperature range from — 253 to 
+ 800°C (see the Table and Fig. 11). 

2. It was established that in a wide range of 
temperatures (from — 196 to + 800*) slip on the 
basal plane (0001) in the [1120] direction is the 
principal kind of plastic deformation in beryllium. 

3. The slip in beryllium is substantially different 
from that in other hexagonal crystals: 

a) in addition to slip on the basal (0001) plane, 
slip is observed on the pyramidal planes of the I 
order (known as prismatic slip) mainly in the [1120] 
direction. 

b) The traces of slip-bands are wavy and branch- 
ed lines. The wavy shape of the lines can be ex- 
plained by the formation of the blocks of mosaic 
structure(low temperatures) on one hand and by the 


* Traces of basal slip in microspaces occur at — 253°. 
However, owing to the formation of blocks and to high 
yield strength at — 253°, the slip does not cross the 
whole section of the specimen. 
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6. An irregularity in the shear along the band of 
basal slip was found which caused the appearance 
of microcracks on the planes of prisms and pyra- 
mids of the II type. Thus, the brittleness of beryl- 
lium is connected with a great number of cleavage 
planes which are strongly manifest, at low temper- 
atures in particular, owing to irregular shear. 


complicated crystallographic structure of the bands 
caused by prismatic slips on the other (high temper- 
atures). 

4. Beryllium has a great number of various cryst- 
allographic systems of twinning. The mechanical 
twinning is not responsible for the increase in brit- 
tleness of beryllium. 

5. Twinning of the whole crystal results in the 
increase of its ductility and strength during the sub- 
sequent slipping. 


Translated by B. Cynk 
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In this paper the results of experimenta! investigations are given on thermal and electric conducti- 
vities, strength, hardness of the Cu-Co-Be system and the constitution of the Cu-CoBe system construct- 


ed. 


Heat-resisting and highly heat-conducting alloys 
have recently become of appreciable importance, in 
particular those based on copper. In their prepara- 
tion great attention is paid not only to their strength 
and heat-resistance but also to thermal conductivi- 
ty. 
‘ Heat-resistant alloys are not only age-hardening 
but their chemical composition is complex. They 
are usually many-component systems. It is known 
that for ageing alloys both the change in solubility 
of components with temperature and the physico- 
chemical properties of the precipitating phase in the 
process of thermal treatment are important. 

It is of interest to have the copper-base ternary 
alloys studied which belong to the pseudo-binary 
copper-chemical compound section. The hardness 
and melting point of metal chemical compounds are 
usually high. An increase in the solubility of a 
chemical compound in solid copper with temperature 
is a necessary condition for the quenched alloy to 
be hardened by ageing. Since beryllium and cobalt 
from the chemical compound CoBe of high hardness 
and melting point, it is reasonable to assume that 
this compound may serve as a hardner of copper 
alloys. The present work is devoted to the study of 
structural and physico-chemical properties of this 
system. 


THE CONSTRUCTION OF THE 
CONSTITUTIONAL DIAGRAM 


The chemical compound CoBe can serve as a 
hardner of copper alloys only when the pseudo- 
binary system Cu-CoBe is present. Its existance 
can be proved by X-ray structure analysis. Two 


* Fiz. metal. metalloved., 8, No. 1, 140-146, 1959. 


systems of lines were obtained on the X-ray pattern 
obtained in X-ray examination of the alloy powder 
of Cu+ 3.5% Be + 22.9% Co (i.e. 26.4 % CoBe) one 
of which belongs to the face-centred cubic lattice 
of solution a based on copper and the other to the 
body-centred cubic lattice of the CoBe chemical 
compound. Examination of the microstructure also 
confirmed the existence of two phases in the alloy: 
a solid solution and the CoBe chemical compound. 

Thirteen alloys were prepared (Table 1) for the 
construction of the equilibrium diagram of the 
pseudo-binary system Cu-CoBe. (Actual gravimetric 
data obtained by analysis of the chemical composi- 
tions of the alloys differed from the data calculat- 
ed in the 4th decimal place). 

Electrolytic copper, cobalt and binary alloy Cu- 
Be (Cu + 6 % Be) served as starting materials. 
Melting was carried out in a furnace with graphite 
heater and crucibles under the barium chloride flux. 
Ingots cast in pig-iron moulds were homogenized 
and forged with 50 per cent upset. From the billets 
thus deformed, testpieces for further investigations 
were prepared. 

The constitution diagram was constructed by 
means of microscopic examination and differential 
thermal analysis. For this purpose the alloys were 
heated to various temperatures and soaked for a 
sufficiently long time to reach equilibrium (the 
heating procedure is shown below) and then quench- 
ed in cold water. 

Temperature of heating, °C: 


990 900 800 700 600 500 


Soaking, hours: 


7 12 48 60 100 130 


By microscopic examination the solubility limits 


119 
VOL. | 
8 
1959 


Heat-conducting and heat-resisting alloys of the Cu-Co-Be system 


TABLE 1. Chemical composition of alloys investigated, CO: Be = 6.54% 


Contents of components, % by weight 


Be 


Co CoBe 


— 


C 
SION 


SB 


oO 


Noe, 


% Be by weight 


% Cobe 


FIG. 1. The pseudo-binary Cu-CoBe system. 


of the CoBe chemical compound in copper was de- 
termined for various temperatures. The differential 
thermal! analysis was carried out by means of Le 
Chatelier — Saladin pyrometer. The solidus of the 
system in question was determined from the results 
of the analysis; liquidus was not constructed. 

The constitution diagram of the pseudo-binary 
system Cu-CoBe constructed (Fig. 1) belongs to the 
eutectic type, the eutectic point being 1011°C. It 
is evident from the diagram that the CoBe chemical 
compound dissolves in copper in large quantities 
(about 2.7 per cent by weight at the eutectic point). 
The solubility sharply decreases with drop of tem- 
perature. 


THERMAL TREATMENT AND MECHANICAL 
PROPERTIES OF THE ALLOYS 


The thermal treatment of the pseudo-binary alloy 
system Cu-CoBe was carried out by the following 
procedure: quenching in water from 990° for two 
hours, then tempering at 470 and 500°. It was found 
that all the alloys belonging to the pseudo-binary 
Cu-CoBe system are highly strengthened, their 
hardness increases by 3-4 times. Better results were 
obtained by tempering at 470°. The alloy Cu + 0.3% 
Be + 1.96% Co displays the same temper-hardening 
effect as the alloys with higher contents of Be and 
Co. Thus, the above quantity of beryllium and cobalt 
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FIG. 2. Relation between hardness of alloys and 
duration of tempering at 470°C: 


A—0,1% Be; 0.65% Co; 0.75% 
CoBe. —0,2% Be: 1.3% Co: 
1.5% Co Be. »—0.3% Be; 1.96% 
Co; 2,26% CoBe. ()—0,4% Be: 
2.62% Ca: 3.0% CoBe a—9.7% 
Be; 4.55%Co; 5.28% CoBe. 


is sufficient for obtaining peak mechanical proper- 
ties of alloys of the Cu-CoBe pseudo-binary system. 
This can be explained by the fact that the two-phase 
structure is already formed in the quenched alloys 
containing more than 0.3 per cent Be and more than 
1.96 per cent Co. (Fig. 1). The supersaturation of 
the solid s dution with higher content of Be and Co 
after quenching is not changed effectively. The 
super-saturation is evidently similar to that in the 
quenched alloy of Cu + 0.3 per cent Be + 1.96 per 
cent Co. 

The following results were obtained for mechanic- 
al properties of alloys from the Cu-CoBe radial 
system investigated after their thermal treatment 
(quenching from 990°, tempering at 470° for 3 hr): 

0, = 76 kg/mm’, o, = 69 kg/mm?, 5 = 3 per cent. 

High temperatures of the solidus and tempering 
(470°) of the alloys and the great increase of hard- 
ness at the first instant followed by a slight de- 
crease indicate that the alloys belonging to the 
Cu-CoBe pseudo-binary system are capable of retain- 
ing their strength at high temperatures. The results 
of hardness tests of long (1 hr) and short (30 sec) 
duration at temperatures of 600, 700 and 800°C 
(Fig. 3) indicate that the alloys of the Cu-CoBe 
pseudo-binary system are heat-resistant. 

THERMAL AND ELECTRIC CONDUCTIVITIES 
OF THE ALLOYS OF Cu-CoBe RADIAL SECTION 


OF THE Cu-Be-Co SYSTEM 
The thermal and electric conductivities were 


% Be by weight 
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FIG. 3. Variation of hardness of alloys of the Cu-CoBe 
system with composition in the aged state: 
1 — at 600° for 30 sec; 2 — at 600° for 1 hr; 
3 — at 700° for 30 sec; 4 — at 700° for 1 hr; 
5 — at 800° for 30 sec; 6 — at 800° for 1 hr. 


measured in the alloys of the system having the 
following composition (Table 2). 

It is evident from the constitutional diagram 
(see Fig. 1) that the solubility of the chemical com- 
pound increases with temperature. The thermal 
treatment of the alloys of this system should, there- 
fore, affect their thermal and electric conductivities. 
For this reason the alloys were studied in both 
quenched and temper-hardened states. The thermal 
treatment of the alloys is described above. 

It should be noted that the age-hardened alloys 
after 6 hr are not in equilibrium both at the temper- 
ing and room temperatures. The solid solution con- 
tains more solute than required for the equilibrium 
composition. This fact substantially affects the 
thermal conductivity and the electrical resistance, 
also their variation with temperature when the alloy 
is slowly heated up to and above the tempering 
temperature. 

The electrical resistance cf the quenched alloys 
is 2-2.5 times that of the temper-hardened alloys. 
The resistivity of the quenched testpieces measur- 
ed in the temperature range of 250-500° decreases 
approximately to 2/3rd of the value at 250°. This 
drop in resistivity is due to the decomposition of 
the solid solution with precipitation of the CoBe 
chemical compound (Fig. 4). 

The alloy containing 99.25 per cent Cu, 0.1 per 
cent Be and 0.65 per cent Co is an exception. The 
resistivity of this alloy, up to 200°C, is half that of 
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TABLE 2. Contents of components in alloy investigated, % by weight 


Be 
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FIG. 4. Relation between resistivity and temperature for the Cu-Be-Co alloys 
in the quenched state: 


+ 0.65% Co; 
+ 1.96% Co; 
+ 3.27% Co, 


O—Cu+0.1% Be 
A —Cu'+ 0.3% Be 
—Cu+0.5% Be 


the alloy which has maximum solubility of the che- 
mical compound in copper at eutectic point. At 
higher temperatures the solid solution of this alloy 


also decomposes and the CoBe chemical compound 
is precipitated but in smaller quantities than in al- 
loys containing, in their quenched state, more of 
the CoBe compound in solid solution. For this 
reason the variation in resistivity of the former with 
rise of temperature from 260 to 500° differs from that 
for the remaining alloys. The resistivity of the alloy 
containing 99.25 per cent Cu, 0.1 per cent Be and 
0.65 per cent Co in the above temperature range 
remains practically constant while decreasing in 
other alloys (see Fig. 4). 

The value of resistivity and its variation with 
temperature in the alloys of the Cu-CoBe pseudo- 
binary system in non-equilibrium state is evidently 
conditioned by two sources: the decomposition of 
solid solution and the change of resistivity with 
temperature. The former lessens the resistivity 
(see Fig. 4). 

The opposite effects of the above two sources 
have just resulted in obtaining the variation of re- 
sistivity with temperature shown in Fig. 4. In the 
alloy containing 99.25 per cent Cu, 0.1 per cent Be, 
0.65 per cent Co the influence of these sources at 
temperatures from 260 to 500° are equal in value 
and opposite in sign. The resistivity of this alloy 
remains practically constant with the rise of temper- 


—Cu +0,2% Be 
O—Cu +0.4% Be +2.62% Co, 
a—Cu 


+ 1.31% Cn: 
+ 0.8% Be +5.86% Co. 
ature. However, in the alloys of different composi- 
tion the effect of the solid solution decomposition 
on the decrease of resistivity predominates the 
usual rise of resistivity with temperature. In these 
alloys, therefore, the resistivity decreases in the 
temperature range of 250- 500°C, For temperatures 
above 500°, the temperature is the principal factor 
affecting the resistivity of alloys of the Cu-CoBe 
system; with rise of temperature the resistivity 
increases. 

Thus, at raised temperatures the alloys belong- 
ing to the radial section of the Cu-CoBe system 
should represent a two-phase non-equilibrium 
system of a + CoBe mechanical mixture. In this 
system the variation of specific resistance with 
content of CoBe must be linear. In Fig. 5 the 
isotherms of resistivity of the alloys from the radial 
section of the Cu-CoBe system are shown as mea- 
sured after quenching (from 990°). 

It is apparent from Fig. 5 that the change of re- 
sistivity is linear (in alloys containing from 1.5 to 
6.78 per cent CoBe). The alloys of the Cu-CoBe 
system, therefore, represent a mechanical mixture 
a + CoBe. 

The resistivity of alloys belonging to the radial 
section of the Cu-CoBe system (containing up to 
7 per cent CoBe) in the aged state of previously 
quenched alloys increases in the whole range of 
temperature investigated (from room temperature 
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FIG. 5. Isotherms of resistivity for alloys of the Cu-CoBe 
radial section of the Cu-Co-Be system measured after 


quenching: 
O—1009; — 2009, a— 300°; O— 400°; e —500°; 
a — 6002. 
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FIG. 6. Relation between resistivity and temperature for 
alloys of the Cu-CoBe section in the tempered state 
(470°) after quenching: 


C Cu+0,1% Be +0.65% — Cu+0.2% Be 41.31% Co: 
A — Cu+0 4% Be +24 62% Co: Be 


{i-- Cu+0.5% Be +3.27% Co: 


e —Cu+0,7% Be 44.58% Co; —Cu+0.9% Be +5.89% Co 


FIG. 7. Relation between thermal conductivity and temperature for alloys of the 
Cu-CoBe radial section in the tempered state (470°) after quenching: 


— Cu+0.1% Be +0.65% Co; 
A ~—Cu+0.4% Be +2.52% Co; 
@ —Cu+0.7% Be +4.58% Co: 


to 700°, Fig. 6). This can be explained by the fact 
that in the age-hardened alloys the decomposition 
of the solid solution when heated proceeds less 
rapidly than in the “as quenched” condition. In this 
case a general increase in resistivity with temper- 
ature is still noticeable despite the fact that the 
decomposition of solid solutions lowers the resisti- 
vity. 
The resistivity of alloys containing Cu, Be and 
Co in the quantities given in the following table 


Cu..... 98.49 96.98 96.23 
0.20 0.40 0.50 
CO 1.31 2.62 3.27 


coincides in the temperature range from room temp- 
erature to 700° and its value approximately amounts 
to 1/2-2/5 the value of the quenched testpieces as 
measured up to 300°. 

It was shown above that the resistivity decreases 
with precipitation of the chemical compound from 
solid solution. For this reason the resistivity of the 


X—Cu4+0.2% Be +1.31% Co; 
O —Cu+0.5% Be +3.27% Co; 


—Cu+0.5% Be +5.89% Co. 


tempered alloys is 1/2-2/5 that of the quenched. 

Different rate of solid solution decomposition 
(with precipitation of chemical compound) in the 
alloys with different content of the CoBe chemical 
compound disolved in copper (at the same tempera- 
ture), non-equilibrium state of the system and the 
decreage in resistivity by the decomposition of 
solid solution have just resulted in obtaining the 
same value of resistivity in the wide range of tem- 
peratures. 

The method of investigating the thermal and elec- 
tric conductivities of metals and alloys developed 
by us [1-3] made it possible to simultaneously de- 
termine on the same testpiece the temperature de- 
pendence of both the ratio of thermal conductivity 
to electric conductivity and the electric conductivity 
itself. It was found that Wiedemann-F'ranz ratios 
obtained experimentally for the above alloys in the 
age-hardened state are in good agreement with the 
theoretical relation: 


2.45 x 10-* W.ohm/deg? 
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In deriving Wiedemann-Franz ratio and in theore- 
tical explaining of the process of heat conduction 
it was assumed that the conduction of heat and 
electricity in metals is carried out by electrons 
alone. A heat conduction by the lattice of metal was 
not taken into consideration. Since the Wiedemann- 
Franz ratio obtained experimentally for the Cu-CoBe 
alloys investigated coincides with its theoretical 
value, it can be accepted that in these alloys the 
process of conduction is practically maintained by 
electrons alone. 

The thermal conductivity of the alloys investigat- 
ed increases with temperature (Fig. 7). At a temper- 
ature of 400° the ratio of the thermal conductivity 
of the alloys to that of copper A/Kcy reaches 55-77 
per cent. The increase of thermal conductivity of 
the Cu-CoBe alloys with rise of temperature can be 
explained by proceeding from Wiedemann-F'ranz 
relations. In this case the thermal conductivity is 
determined by the relationship: 


Ap = 2.45 x 10° xT W/cm.deg. 


Consequently, the thermal conductivity and its 
variation with temperature are determined by the 
product X7. The tests show that for the alloys of 
the alloys of the Cu-CoBe radial section the product 
XT increases with rise of temperature up to 400°, 
which leads to the increase of thermal conductivity 
and with further rise above 400° the product XT 


gradually decreases and consequently so does the 
thermal conductivity (see Fig. 7). 


CONCLUSION 


1. The composition diagram of the pseudo-binary 
Cu-CoBe system is constructed. 

2. The strength and hardness of the alloys of this 
system investigated. 

3. The thermal and electric conductivities of al- 
loys of the Cu-CoBe radial section of the Cu-Be-Co 
system investigated. It is established that the alloys 
tempered after quenching have higher thermal and 
electric conductivities than copper. The variation 
of non-dimensional quantities A/Ac,, and X/Xcy are 
similar and their numerical values equal. With rise 
of temperature these ratios increase and at 400° 
reach the value amounting to 55-77 per cent of that 
for copper. These ratios also indicate that Wiedemann- 
Franz ratio holds also in conditions when A and X 
separately deviate from the theoretically calculated 
relationship. 

4. Wiedemann-Franz ratio is applicable to pure 
metals, homogeneous and heterogeneous metal alloys 
if the process of their thermal conductivity is 
mainly maintained by electrons. 


Translated by B. Cynk 
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LETTERS TO THE EDITOR 
SPIN-ELECTRON RELAXATION IN ANTIFERROMAGNETICS * 
Iu. SEIDOV and A. BERDYSHEV 
Urals A.M. Gor’ki State University 

(Received 26 June 1958) 


If a system of spin waves of an antiferromagnetic is by some means taken out of the state of 
thermal equilibrium it may restore this state as a result of the combined action of several mecha- 
nisms. In particular, in antiferromagnetic metals and alloys one can point to three basic mechanisms 
of restoring the equilibrium in a system of spin waves: collisions of the spin waves with each other, 
their interaction with phonons and interaction with conductivity electrons. 

The first two mechanisms have been discussed by Tsukernik [1]. We have studied the third me- 
chanism. As the basis for the calculation we have assumed an s-d exchange model [2, 3]. The energy 
operator of the system of the s + d electrons has the form [2, 3] 


1 —> 
J (ity, Mg) Anya, — 


~ 


in (Ro—k1) + + 


where In, ns) is the d-d exchange integral; In, ny) <0; (Ry, 1, ke) is the integral of the inter- 
action of the d electrons with the states ra and k, of the conductivity electrons; a, and a4 are 
Fermi statistics operators. Let us go over from the Fermi amplitudes a,, to spin operators by the 
well known formulae [4] and from these to spin deviation operators by with the aid of Ziman’s 
formalism [5]: 


ag (—)a, +az a, (—) = (28)~* (6, + 52); 


(—)a, (—)—a, a, >= /S = (s—b, b,); 


i[ax (—) a, a, (—)] = s}/s = (2s)~“ ie'”" — bi); 
a; (—)a,(—) tata, =1. 


Here @ is the vector of the reciprocal lattice sothat e”” is + 1 at the nodes of one sub-lattice and 


— 1 at the nodes of the other. The d part of operator (1) Hay coincides with Ziman’s (24). The proper 
values of Hzq were found with the method of the canonic equations for the movement of the operators 
[3] and are in agreement with Ziman’s proper values. The substitution for the diagonalization of Hq 
has the form 
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A, = By +2s DI(h)o, + H,; 


(hk) 


€, are Bose statistics operators; < h > means summation over the closest neighbours, % = age: 
H, is the field of the magnetic anisotropy; Ey is the energy of the spin wave with vector p for 1 =0. 
The sum of the energy operators of the conductivity electrons and the energy of the s-d ex- 


change consists of two parts. The first part 


=> [En + (R, aie + 


} (yy Ro) BF By — Gey (—) (—)] 


describes the translation energy of the conductivity electrons“submagnetized” by the field of the spin 
waves. (5) can be diagonalized by the same method as Hj. As a result it turns out that the level of 
the s-electrons are split into two sub-bands and that the width of the gap between them is in propor- 
tion to the magnetization of the sub-lattices [3, 6]. Here we shall not examine this effect but confine 
ourselves to making an estimate of the effect of the s-d exchange interaction with the free conductivity 
electrons. This interaction is described by the second part of the operator of the s-d exchange inter- 
action. 


+(1 +e") ag, (—) + OF + + ] ae, 
Substituting (6) in expression (3) we obtain an operator which describes the inelastic collisions 


of the conductivity electrons with the spin waves; in each of these individual collisions a spin wave 
either emerges or is absorbed. Let us write out the first of the four members of this expression 


+ (A,— E,)* (1 ak (—) ans by. 


The change in the number of spin waves per unit time is found in the usual manner [7]* 


* Here and further on A stands for the Plank constant divided by 2. 
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» 


— + Me, (1 — — Ex, + 


where n, is the Fermi distribution, n,, the Bose distribution. 
Hence we find for the average relaxation time 


p 
[A+ 45 -(+V BB). 


(ky —k, + @)| exp Me, (Ema — En, + Ey). 


l6sh 


VOL. The denominator in (7) is equal to 


Let us now calculate the numerator. 
Let 

_ jz! 

4hsN 


Then We-»=A,(w,— Wy). The first item here describes simple transitions, the second transi- 
tions analogous to the transfer processes of the theory of phonon resistance; we shall not discuss 
these latter processes. To calculate @, we go over from summation to integration in the wave num- 
ber space. For a simple cubic lattice 


A, + V As — Ey = ad [1 + (1—p?)"], = +29), 


kT 


E, 


(exp +1) (exp — +1) pd cos 


where it is assumed that k =ka,u=pa; / signifies the absolute value of the d-d exchange integral; 
I, and /, are the s-d exchange integrals within one atom and between neighbouring atoms respectively. 
Let us assume that /,< /) <j. It follows from the law of the conservation of energy 


—Ex +E, =0 that costs, =(z/+Ap/2Ak, 


where A is the transfer integral of the single electron theory. Let us go over to dimensionless 
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variables 


2 Ex = Ak?, =2Jp. 


y2 


w= 4s) wan | + 


{1+ + — kT — 
+. 
where A,=(NAT a’)?/(2z)‘zJ A?. The limits of integration are determined by the conditions 
u >0, k>0, |cost,,|<1. Therefore, the region of integration is the upper angle of the first square 
of the plane 


J 
(xy) — x< 00, where %1= “hndys= iT — 


At low temperatures one can in the expression under the integral sign neglect the dependence on y 
and let y, approach infinity. This gives a sufficiently accurate result. Then the integral with respect 


of y is calculated in an elementary way and 


In (e* + + G+ ar]. 


The latter integral is calculated with method [2]. We find finally 


We assume that 8 ’< a’. Hence, discarding members with 8 ’/a’ we get 


For a rough quantitative estimate we substitute 


A=10-!2, [2], ty === 108 


Translated by B. Ruhemann 
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TO THE QUESTION OF THE COMPLEX PERMEABILITY OF MAGNESIUM FERRITES* 
L.A. FOMENKO 
(Received 12 June 1958) 


Chiron and Prache [1] have described the results of measurements of the magnetic spectrum of 
Mg ferrite with an initial magnetic permeability of u, = 9 G oersted™ in the frequency range of 100— 
3000 MHertz. The experimental data was presented in the form of acurve q’= $,(q”) using the 
frequency f as parameter. Here the significance of q’ and q” is related to the complex magnetic per- 
meability u”=  — jo’ of the ferrite matter in the following manner: 


+ ig’ = — — 1), 
whence we obtain 


(»,— 1) (1) 


49 + 
The curves »’ = 9,(j), were calculated by us from the data of paper [1] and are given in the 


figure. 
The results of the experiments were in the work referred to integrated in the region of ratio 


frequency dispersion (for f < 500 MHertz), contrary to the conclusions of Rado [2] and the gyromag- 
netic reso~.ance according to Snoek [3], and in the region of ultra frequency dispersion (for 500 — 
2800 MHertz) by other mechanisms. This point of view was, however, based on very loose assump- 
tions concerning the singularity of the gyromagnetic resonance frequency and the equality sign 
between the mechanism describing the general change in the average values of yin the range of 


G, oersted 


24 28 32 
J, K MHertz 


FIG. 1. Magnetic spectrum of Mg ferrite after the data of paper [1]: 
1 — dispersion curve; 
2 — absorption curve. 
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500 — 2800 MHertz (including the change of the sign of (u, — 1)), and the mechanisms describing 
the fluctuations of these parameters at 1800— 2800 MHertz, and therefore, (being apparently inspir- 
ed by the somewhat unusual form of the curves presented in paper [1] ) cannot be accepted when the 
mechanism of the phenomena are discussed. 

From a study the curves p’= @, (f) it follows that the average resonance frequency of the ultra 
high frequency dispersion f, = fr = 1850 MHertz, where fy is the frequency for which (u, — 1 = 0). The 
frequency fy > f, (f, =~ 1550 MHertz is the average frequency of the maximum absorption) and is not 
equal to the frequencies for the maximum and minimum value of » (~ 1250 and 2600 MHertz), which 
is as it should be according to the theory for an oscillating system with noticeable damping and fre- 
quency dependent parameters p and p’ (because of the effect of the radio frequency dispersion and 
the distribution of the gyromagnetic resonance frequencies within a certain frequency range). 

The value for fy agrees satisfactorily with the values for this frequency obtained for ferrites of 
similar composition in the paper by Rado, Folen and Emerson [4] and also (in as much as in polycrys- 
talline specimens the anisotropy parameter is effectively increased [5] ) with the value for the aver- 
age ferromagnetic resonance frequency fo,y, = 940 MHertz if it is calculated with formula (2) and the 
data: first order anisotropy parameter K, = — 2.5 x 10* erg/cm? and magnetic saturation /, ~ 100 G 


for magnesium ferrite [4]*. 


fo ur me. i Qme 1, =z 3.74 (2) 


The agreement obtained for the results makes it possible to describe the ultra high frequency 
dispersion in Mg ferrite [1] as gyromagnetic resonance; as far as the radio frequency dispersion is 
concerned the possibility of describing it as resonance of the same type must evidently be discard- 
ed, which leaves the possibility of explaining it according to papers [2, 4] by processes of boundary 
shifts. Concerning the fluctuations of the values of 1” noted in paper [1], if they are not caused by 
the errors of measurement or the effect other dispersion mechanisms, one may note that in part their 
appearance may be caused by the distribution of the gyromagnetic resonance frequencies. 


Translated by B. Ruhemann 
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* This formula is derived [6] from the fact that in ferrites K, is negative and the axes of [111] type are axes 
of slight magnetization. With Kittel’s formula we also get a similar value foyr= (1/7) (ge/2mc) (K,/I, = 5.58 
(K,/I, = 1410 MHertz). Both formulae are derived without taking account of the damping effect, the effective 
increase in K,, the “natural” distribution of the gyromagnetic resonance frequencies (due to the inhomoge- 
neity of the material, magnetic interaction and other causes) and the “effective” distribution of the latter (due 
to the frequency dependence of pz and p’ because of the effect of radio frequency dispersion). 


THE BASIC STATE AND THE SPECTRUM OF ELEMENTARY EXCITATIONS OF 
ISOTROPIC FERRITE * 
S.V. TIABLIKOV 
“A.V. Steklov” Mathematical Institute 
(Received 28 July 1958) 


The spin-wave treatment of ferrites on the basis of the Néel model has recently been 
carried out in papers [1, 2, 3-6]. In these papers functions of 7? and T*/2 were respectively 
obtained in these papers for the temperature dependence of the magnetization. In paper [6] it was 
noted that this depends on differences in the approximations made in introducing the ferrite model. 

Following [6] we examine the case which covers both groups of the results mentioned. We shall 
consider a ferrite as an aggregate of two sub-lattices placed one inside the other and characterized 
by the number of nodes N; and the spin moments s; of the nodes (i is the number of the sub-lattice). 
The Hamiltonian is written in the form: 


— fa) (S;,, Sj2) — — 82) Sgo) — 


where the indices f and g relate to the first and second sub-lattice, while for the exchange integrals 
it is proposed that 


1 (g1 — > 0; <0. 


In order to be specific we shall also assume that the magnetic moments of the sub-lattices 
satisfy the condition 


M, — M, = No 292 > 0, (2) 


where o; means the spin of the node of sub-lattice i. 
For the energy of the basic state in zero approximation as a function of the strength of the ex- 
ternal field H we obtain: 


e—-H,V M,M, —(M,—M,)H, 0<H~<H,; 
Mi+ M2 prs 
Y MM, —(M,+M,.)H, H.<H; 
= 


e—H 


H,<H<H; 


e 
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Here the following designations are introduced: 


M,M, V MM, 


The expression for the magnetization in zero approximation is easy to obtain from (3) by differ- 
entiation in respect of H. 

The expression for the spectrum of the elementary excitations depends on the range of values 
in which H lies. For “weak” fields (0 < H < H,) we get for the two branches of the spectrum (corres- 
ponding to the number of sub-lattices) with a precision down to members of the order of 1”: 


+ (c + av?) + V C2 + D? + Bs, 
C= > — pt.) 2) (H, — 2H); 


D® = (H, — H); = 2413, — 469; 
B= + — (Hy — — 28/)} + 22962) + 


+2 {M,(H, —H,) + M,(H, + 


(6) 
(2,79? = ly —1,;(y)). 


Substituting =N,; # pe, in (6) we get (nu, Hy = (1 + and (5) takes on 
the form 


In that case E,, ~v for H = 0. In the papers by Vonsovskii and Seidov [1, 2] the following specific 
case was in fact discussed. 
If we substitute = 9, =0,; in (6), (5) takes on the form 


Ey" = + (u(2H— Hy) V (8) 


which corresponds to the approximation of Kondovskii, Pakhomov, Shiklosh [3-5] and also to paper 
[6]. 

The case of the general formula (5) and also the somewhat more specific formula (8) yield a 
temperature dependence of 7/2, while the case of formula (7) yields a dependence of 7?. One may 
therefore think that in ferrites in fields H < H, the magnetization will depend on the temperature 
rather according to the 7*/? law than to the 7? law, since the case of formula (7) is very special. 


Translated by B. Ruhemann 
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TO THE THEORY OF VIBRATION SPECTRA OF SOLID SOLUTIONS* 
A.N. MEN’ and A.N. ORLOV 
Physics of Metals Institute of the Academy of Sciences of the USSR 
Sverdlovsk Agricultural Institute 
(Received 25 August 1958) 


To calculate the spectrum of the frequencies of the elastic vibrations of a one-dimensional 
model of a binary solid solution in the process of ordering we employed the method of effective atoms 
[1, 2]. For the investigation of the vibration spectrum of a three-dimensional binary solid solution of 
isotopes Lifshits and Stepanova [3] also intoduce the effective masses into the discussion. The 
method of effective atoms is applicable when the difference in the mass of the atoms of various 


kinds M;-M;"and the difference in the coefficients of the elastic bond 


Ale, — Als 
are small, as a result of which the changes in the vibration spectra of an ideal single atom crystal 
of given symmetry caused by the atoms not being the same and by the deviation of their distribution 
in the lattice sites from the state of order may be regarded as small disturbances. The idea of the 
method is that by suitable selection of the zero approximation (“effective” fulness of the ordered 
lattice) the corrections of the first order of smallness to the spectrum of the frequencies can be re- 
duced to vanishing point. 

In the present note we wish to draw attention to the fact that the method of effective atoms both 
to the one-dimensional and to the three-dimensional case not only when the bond coefficients are the 
same but also when they are different and in the presence of any number of atoms in the elementary 
cell. 

Let us consider a lattice consisting of N cells (/ = 1, 2, ..., N) containing v nodes each 
(a = 1, 2, ..., v) in which N v atoms of r kinds (j = 1, 2, ..., r), close to their neighbours, are so dis- 
posed that the masses and bond coefficients satisfy the above mentioned conditions. We write the 
equations for the oscillations of the true lattice in which the atoms are present in arbitrary concent- 
rations and distributed over the nodes in an arbitrary order, in the form [4] 


(L = Ed, (1) 


where the components of the vector w 


va — Au 
(2) 


represent the distribution of the atoms in the node a of the cell / in the direction of the axis 

€ (€=1, 2, 3). Substituting (2) in (1) gives, as is well known, a system of 3Nv linear equations for 
determining the amplitude Ak, which we write in the form (L’ +eA’)A =EA. Its secular equa- 
tion has the form 


A (x) —— 0, (3) 
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where x = w?. We enumerate the 3Nv radical equations (3) by & = 1, 2, ..., 3Nv and designate the 
corresponding proper functions by w*. For the sake of brevity we shall occasionally designate the 
totality of indices J, by one letter, either p or q. In this way the (three-dimensional) component w* 
which refers to the atom J, a is written w*, 

Now we introduce the effective lattice into the discussion, which is defined as follows. In the 
node a of any of its cells there is an atom with the mass. 


M, M! Pi, 
i (4) 


where M/ is the mass of the atom of kind j and pi the probability of a node of the akind being 
occupied by an atom of the j kind 


= N,/Na (5) 


where N,, is the number of nodes of kind a in the whole lattice, Ni the number of a nodes occupied 
by atoms of the j kind. The coefficient of the quasi-elastic bond of the atoms in the nodes /, a and 


Ll’, a’ is equal to 


i? (6) 


The determinant of the matrix of the operator L is a characteristic polynominal for the ordered 
lattice of which the proper function is designated by W. 
The elements of the matrix eA’ have the form 


(1) (2) 


= Mp 


2) 
= — x App” Bppt + App’ (1 — Appr), 
p” 


(M, is the mass of the atom situated in node p) 
App’ App —App. 


We shall assume that the differences (10) and (11) are of the same order of smallness as «. 
According to the theory of excitations [5] 


Xp = Xp tex Ai) + eA)? -+ O(c?) +..., 


A 
where %,; is the proper frequency of the effective lattice and the matrix elements Agy = (Ayo, 0) 
are formed with the aid of the proper functions of the effective lattice w', (of zero approximation). We 
shall show that for our selection of the zero approximation in the form (4), (6), Aj!) and A(;) tend 
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where 

(8) 

0) 

m, = M,—M, (10) 

(11) 
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to zero. For this purpose we write (7) out, substituting (8) and (9) 


k 
=x> m,\ > =x» m, — aq". 
q q q. 


We transform the first item in the right hand part of (12) 


= SM, — EM. Na. 


Substituting (4) and (5) in (13) we get 


= 0. 
q 
Similarly, one can show that 


Ayr = 0. 


In this way, the spectrum of the frequencies of a solid solution with arbitrary concentrations, 
degree of ordering and number of atoms in the elementary cell agrees, with an error of small values 
of the order of ¢*, with the spectrum of the ordered solid solution of the effective atoms the proper- 
ties of which are determined by formulae (4) and (6). The dependence of the probabilities e on the 
concentration c; and the parameters of long range order ng are in the case of a binary solid solution 
determined by the formulae given, for example, by Smirnov [6], and in the case of multi-component 
formulae by one of us [7]. 

In certain cases the dependence of the maximum (characteristic) frequency @,, in the spectrum 
of a solid solution on c; and 7 is of interest. If the components of the solid solution have similar 
properties this dependence can be determined if ,, for the corresponding ordered solid solution is 
known as a function of the mass of the atoms and the bond coefficients. In particular, for a body 


centered cubic lattice [8] 
om = D (M7! + Mz’), (15) 


where D is the known sum of the second derivatives of the energy with respect of the inter-atomic 
distances. Limiting our calculation to the interaction between nearest neighbours only and for the 
case of a binary solid solution substituting the effective masses for M, and M, in (15), which are 
expressed by c and n, we obtain the function @,, (c, 7) which in form agrees with the formulae 
obtained earlier for the one-dimensional case [1, 2]. Hence, the conclusions drawn in these papers 


are valid also for the three-dimensional lattice. 


Translated by B. Ruhemann 
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ON AN ERROR IN THE HANDBOOK 
“THE PHYSICO-CHEMICAL PROPERTIES OF THE ELEMENTS** 
Iu.A. BAZHIN, V.A. GLADKOVSKII, M.I. OLEINIK and K.P. RODIONOV 
Institute of Metal Physics of the Academy of Sciences of the USSR 
(Received 12 September 1958) 


In the handbook on the basic physico-chemical properties of the elements of the periodic system 
[1] the following incorrect formula for calculating the variation of the melting point of metals as a 
function of pressure is given without any kind of explanation: 


p = 95, 1k Dig— ‘ (1) 


where A is the latent heat of fusion; TJ the absolute melting temperature; /) the density; @ is not 


explained. 
On the basis of this formula the authors come to the quite erroneous opinion that such metals 


as silver, copper and others will melt at room temperature if they are subjected to the corresponding 


pressure. 
For example, on p. 97 the authors write: “An increase in the pressure of ] atm. causes a lowering 


of the melting point of silver by 0.12°. Hence, at 1400 atm. silver should melt at ordinary tempera- 


tures ...” etc. 
These conclusions of the authors of the handbook are in contradiction not only to the general 


propositions of thermodynamics but also to all existing experimental materials. 
If we turn to the Clausius-Clapeyron equation 


aT _ T(Vi—V») 
dp h ‘ (2) 


where V, and V, are the average specific weights of the metal in the liquid and solid states respect- 
ively, one can easily see that for the majority of metals the melting temperature should increase with 
pressure, which agrees with experimental observations. Exceptions are germanium, bismuth and 
gallium in which a volume contraction occurs on melting. 

Assuming that in the region of not very high pressures the latent heat of fusion of the metal and 
the volume change on melting do not change materially with the pressure, one can after slight trans- 
formations of equation (2) obtain a formula somewhat similar to formula (1): 


@) 


where p is the pressure in kg/cm; AV the change in the specific volume on melting in cm*/g; T the 
melting temperature of the metal at atmospheric pressure in °K; 7), the melting temperature of the 


metal under pressure in °K; A the latent heat of fusion in cal/g. 
Like the Clausius-Clapeyron equation, this formula is well confirmed by all experimental data 


obtained in the study of metals under high pressure [2, 3]. In the modern phenomenological theory of 
solids the connexion between the melting temperature of metals and the pressure is also well des- 


cribed by the following relations [4-6]: 
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(5) 


(6) 


where V,,, is the specific volume of the solid phase at the melting point at the given pressure; X,,, 
the compressibility at the melting point at the given pressure; C, C,, A and B are positive, constant 
empirical coefficients; m the mass of the atom; 6, the Debye temperature at the given pressure. 

An examination of formula (4) and (5) shows that the melting temperature increases with increas- 
ing pressure since the compressibility of the metal decreases with pressure considerably faster than 
the specific volume, while 0? increases with increasing pressure much faster than the specific 
volume of the metal decreases. Formula (6) also indicates a rise in the temperature with increasing 
pressure. 

As far as formula (1) is concerned, allegedly derived from “thermodynamic relations”, it is 
clear from a comparison of it with formula (3) that it contains gross errors and leads to obviously 
absurd results. 


Translated by B. Ruhemann 
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ON THE PROBLEM OF THE METHOD OF X-RAY INVESTIGATION 
OF SUBSTANCES UNDER HIGH PRESSURE * 
1. AN X-RAY TUBE THAT CAN BE DISMANTLED 
S.A. NEMNONOV, M.I. OLEINIK and A.P. FROLOV 
Institute of Metal Physics of the Academy of Sciences of the USSR 
(Received 4 December 1958) 


In the X-ray examination of substances under high pressure the primary beam and the rays 
diffracted from the substance to be investigated must pass through the walls of the high pressure 
vessels (beryllium, diamond) and through the medium which applies the pressure. These requirements, 
and also the application of filters or in some cases monochromatizers cause considerable increases 
in exposure time. For photographs under high pressure with a BSV-4 tube the exposure may take more 
than ten hours. 

Starting from the particular requirements of the X-ray method of investigation under high pressure 
and in order to reduce the exposure time, an X-ray tube has been designed and made at the Institute 
of Metal Physics of the Academy of Sciences of the USSR, which can be dismantled and has been 
tested in operation for two years. The tube is simple to make and operate and ensures a steady 
vacuum (of the order of 10°§ mm) and can also be used for ordinary X-ray investigations. The tube 
produces a very powerful beam of X-rays which reduces the exposure time considerably and makes it 
possible to obtain pure radiation from various anodes. 

The schematic drawing of the tube is shown in Fig. 1. The cathode carries a high voltage and 
in our arrangement is connected to an URS-70 X-ray machine the hydraulic blocking system of which 
is connected in series with the cooling of the TsVL-100 diffusion pump. The position of the leads 8 
for feeding the filament and the focussing cap 7 are adjusted during the assembly of the tube; the 
fine adjustment of the hot filament 6 in relation to the focussing screen (of tantalum) 5 is done under 
vacuum conditions with the aid of the siphon device 9; tungsten wire of 0.2 mm diameter is used as 
filament. The anode 2 can be dismantled and is easily replaced by another without dismantling its 
cooling part 1 before the diffusion pump, which is cut off by means of the siphon valve 10, has 
cooled down. The distance from the anode to the window is 16 mm; a narrow beam of X-rays is em- 
ployed, which is obtained by projecting a linear focus under an angle of 8° 40’ to the surface of the 
anode. This, side by side with other factors here mentioned, shortens the time of exposure (see the 
X-ray photographs in Fig. 2, 3). By virtue of the fact that the surface of the anode is in a horizontal 
position the maximum intensity of radiation can be used under the same angle (8°40”) in two opposite 
directions through the corresponding windows. 

The body of the tube has three openings 3 for the outlet of the X-rays. The tube operates with a 
linear focus of 12 x 0.4 mm; it is also possible to use an even thinner focus. The windows are made 
from lithium membrane 4 of 0.8-1.0 mm thickness, which causes the minimum absorption of the 
X-radiation in the material of the window’. The lithium membrane is obtained by flattening a piece 
of lithium to the required thickness between steel slabs. These windows work for a long time with 
vacuum in the tube and with a light coating of vaseline oil on the outside. Because of the plasticity 
of the lithium the vacuum seal does not require additional washers. Replacing the windows takes 


only 10-15 min. 


* Fiz. metal. metalloved., 8, No. 1, 158-160, 1959. 
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ter; voltage 30 kV 


current 26 mA; exposure 2 min. 
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FIG. 3. X-ray photograph of an organic substance taken in a special 
camera for X-ray investigations under high pressure of 68.8 mm dia- 


FIG. 1. Schematic drawing of X-ray tube. 


meter using the corresponding filters; voltage 30 kV; current 26 mA; 


exposure 1 hr 30 min (round diaphragm of 0.3 mm). 
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To eliminate oil vapour from the pump the connecting tube J] has external water cooling and 
inside it is placed a hollow copper cylinder 70 mm high with two screens of semi-circular shape. 
This device makes for a more stable vacuum since without this trap a penetration of oil vapour 
into the body of the tube is observed. The high vacuum pump is connected to the low vacuum by 
means of a rubber tube fastened with a simple lever clip. 


Translated by B. Ruhemann 
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ON THE ELASTIC MODUL! OF A TWO-PHASE SOLID* 
M.A. KRIVOGLAZ and A.S. CHEREVKO 
Institute of Metal Physics of the Academy of Sciences, U.S. 5S. R. 
(Received 17 July 1958) 


The elastic properties of a two-phase solid are considered. Formulae for the: 
modulus of close compression (hydrostatic stresses) and the shear modulus are 


derived for the cases in which the concentration of one of the phases is low or 
in which the concentrations can be arbitrary provided that the values of the 


moduli of the first and second phase are close to each other. 


It is shown that 


the concentration dependence of the moduli of elasticity may differ greatly 


from linearity. 


In this paper the elastic properties of a 
mixture of two solid phases are considered. 
The solution of the analogous problem for 
mixed liquid phases [1] has shown that the 
compressibility of an emulsion is equal to 
the arithmetic mean of the compressibility of 
its components. As will be shown below, in 
the case of mixed solids the formulae for the 
moduli of elasticity are found to be more 
complex and, in contrast with a view which 
has often been expressed (see e.g. [4]), 
their concentration dependence is not linear. 
The case is considered when the particle 
sizes of each phase are appreciably greater 
than the lattice constant, so that the 
deformation and stresses in these particles 
can be determined with the aid of the macro- 
scopic theory of elasticity. On the other 
hand, it is assumed that the particle sizes 
at least in one phase are sufficiently small 
compared with the dimensions of the specimen 
(or with the length of the elastic wave if 
the moduli are used for determining the rate 
of ultrasonic vibration). Examples of such 
systems are age-hardening ailoys (at least in 
the later stages of ageing), eutectics, alkali- 
halide crystals containing colloidal particles 
of precipitated alkali metais, solid bodies 
containing micro-cavities, and the like. 

We shall consider the elastic properties of 
each phase in approximation to an elastic 
isotropic continuum. The problem leads to 
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determination of the macroscopic modulus of 
hydrostatic stresses K , and of the macroscopic 
shear modulus w . of a mixed solid with given 
moduli K,, #,, K, and mw, of the first and 
second phase and with volume concentration of 
the second phase c. As, in the general case, 
this problem is extremely complex, we will 
confine ourselves to the consideration of two 
special cases. In the first case, the system 
consists of small spherical inclusions of a 
secondary phase, the concentration of which is 
very low (c¢ 1). In the second case, the 
concentration can be arbitrary but the elastic 
moduli of both phases differ little from each 
(Ky —Ke| so that it is 
possible to use the theory of perturbations, 
confining ourselves to the second approxima- 
tion. In this case the results obtained 
appear to be applicable not only to isotropic 
particles, but also to polycrystalline 
structures consisting of slightly anisotropic 
crystals. 

To start with, we wish to consider the case 
of low concentration of the second phase when 
the mean distance between the particles is 
great compared with their dimensions. Ve 
shall determine the field of deformation about 
a spherical particle of the second phase of 
radius R, which is present in an appropriately 
large elastic isotropic body (the first 
phase). Let, at large distances from the 
sphere, the components of the tensor of 
stresses @;,; be equal to o;- Then to 
determine the tensor of deformations u;;, it 
is necessary to find a solution to the 
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equations of elasticity (see e.g. ([2]); 


(1 —23,) Au, + grad div a, = 0, 
(1) 
(1 235) Au, grad div Us = 0, 


where u. and @. are displacement vectors for 
the first and second phases, o, and g, are 
Poisson coefficients for these phases, in 


boundary conditions 
( 2) 


(@ is the unit vector normal to the surface 
of the sphere, o{2) and o (?) are the stres- 
ses in the first and second phases) on the 
surface of the sphere and 


1 
of}? = (3) 


at infinity. We shall adopt a co-ordinate 
system with its origin at the centre of the 
sphere. Then, the solution to these equations 


assumes the following form 


[3 (sig — + 
r 


D > 
+ (34) — S (35; OPijet + — 


(ogi — Ber) [15¢, €; Cx — + 


= A,s%;; +B, (si; 


$ = + + 

(1 — 20,) (Ki — Ke) 
— 231) + Ke (1 + 
A 

2Ky (1 — 293) + Kg (! + 21) 
B, = R* (A, —A)); 


2cs 


15(1 — ay) ‘ 
2 4 (7 — +249 (4 — ” 


C, = — 8E, (1 — 4); 


(4B,4,;—1)R® 


Rt 


’ 


+; + Cee, + 


= Bar + Six + 


Here the quadratic summands in A, and the 
linear summands in A, with respect to c are 
rejected. 

Substituting expressions (4) in the formula 


l+o 


connecting the stresses and deformations, it 
is possible to find the stresses in both 
phases. It is not difficult now to find the 
macroscopic moduli of hydrostatic stresses 
and shear for the systems and mw,. These 
quantities are naturally defined with the 
aid of formulae 


= 3K Wy: = 2p,uij whenix~j, (7) 


= + 3K bij, (6) 


where @ ;; and u,, are the mean values of the 
components of tensors G5; and u,;. 

In determining u;, and o;; for a system 
consisting of a large number of small spheri- 
cal second-phase inclusions embedded in the 
first phase, the fact may be used that the 
distances between the spheres are great 
(considerably greater than the radii of the 
spheres) and the deformation can be deter- 
mined by superposition of the deformations 
(4) produced by the various spheres, It 
should be noted that in the neutralization of 
u() a value different from zero is obtained 
only by summands A,s8j and 

1 


Carrying out the neutralization and taking 
into account formulae (4)-(7), we obtain the 
following expressions for K ¢ and wp, 


3 (1 — 91) — K;) 
(1 —20,) + Ke (1 

py (7 — + 2p2 (4 — 


c| 


K,= 


+ 


In the special case when the moduli of 
elasticity for the inclusions are considerably 
greater than the moduli of elasticity for the 


8 
Los 
= 
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basis phase; that is, when K, > K, and 
by 


l—o, 
) 


15 
Cis 


K,= K,(1+3 


In the opposite case when K, « K. and 
Bh, « mw, (this limiting case is found in 
particular in the presence of micro-cavities) 


1—o 4 11 
K,=K,(I a: (11) 


e}. 


It is clear from the formulae presented 
that, generally speaking, the magnitudes of 
K, and w may differ greatly from the mean 
magnitudes 


K=K, +¢(K,—K,); 


P= $C — 


determined by the displacement rule. Thus, 
for instance, at o,= 0.3 and with 

K, K,—K,=1,6Kic instead of the 
considerably higher value of K,c corresponding 
to formula (12), and with Ke <K; K,= 

=K, (1—2,6c) instead of K=K, (1—c). 
Further, it follows from formulae (10) and 
(11) that, if the moduli of elasticity for 
the components differ greatly among each 
other, then for c€ 1 orl—c <1 the curve Kk, 
(or w .) passes below the straight line K 

(or 4) and this curve shows a much more 
pronounced gradient in the portion where the 
corresponding modulus is higher. 

We now wish to consider the case when the 
concentration c is arbitrary and the moduli 
of elasticity for the first and second 
phases differ little from each other. In 
this case it is possible to use the method of 
the theory of perturbations [3] for the 
elastic properties of a polycrystal consisting 
of slightly anisotropic crystal grains. With 
an accuracy up to the second approximation of 
the theory of perturbations [8], the expres- 
sion for the components of the tensor of the 
macroscopic moduli of elasticity A; ,,) for 
an inhomogeneous solid body, in whi 


correlation between the inhomogeneities is 
absent, can be written in the form 


A ijet =i — (13) 
5p (3K + 4) 
15m (3K + Ipp 


where A...) is the mean value of the compo- 
nents of the tensor of the moduli of elas- 
ticity and A;;,, the difference between the 
value of A ;;,; in a given point and Aijkl: 
Using this formula for the case considered of 
a mixed solid of elastically isotropic phases, 
the particles of which are distributed at 
random, after some transformations we obtain 
the expressions for 


where K and mn are determined by formulae (12). 
For low values of c, the expressions (14) 
and (15) coincide with expansions of the 
expressions (8) and (9) by powers of K, - K, 
and #, - w,, if in the last expansions we 
confine ourselves to quadratic terms. As 
might have have been expected, in the second 
approximation of the theory of perturbations, 
K. and be depend quadratically on the con- 
centration c. It is clear from formulae (14) 
and (15) that, in the case considered, the 
curves K (c) and u.(c) should have positive 
curvature and lie below the straight line 
K(c) and p(c), It should be noted that 
formulae (14) and (15), as can be easily 
understood, are also valid (with an accuracy 
up to and including the second approximation 
of the theory of perturbations) for a poly- 
crystalline mixed solid in which the crystal 
of each phase have slight anisotropy 
different from zero. Here K,, py, Ky, po 
should be understood to indicate the moduli 
of elasticity for polycrystals of the first 
and second phases, and K and # are determin: 
as previously by formulae (12). With the a 
of formula (14) it is not difficult to 
determine also the moduli of elasticity for 


3 
— = 
8 3(1— 
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crystal in which the separated second phase 
is oriented in a definite manner relative to 
the crystal axis. As the components of the 
macroscopic tensor of the moduli of elasticity 
will depend on the orientation of the 
precipitates, measurement of the moduli of 
elasticity in such a system gives an indepen- 
dent method of determining this orientation. 
The results obtained agree qualitatively 
with experimental data given in [4] on 
Young’ s modulus* for eutectics. In agreement 
with these data, Young’ s moduli for the 
systems Ag-Cu, Cd-2n, Al-S depend linearly 
on c. In these systems the ratios 


Kal ang are less than. There- 


fore, in agreement with (14) and (15), the 
deviations of £. from the mean value of F do 
not exceed 2-3 per cent and lie within the 
experimental errors. In the Pb-G& system 
Young’ s modulus for lead is three times less 


than that for tin. Therefore, in agreement 


with the results obtained, substantial 
deviations from linearity are observed in the 
curve plotting the dependence of F,, and in 
agreement with (10) and (11) the curve E . is 
bent more in that portion where E. is higher, 


Translated by H. Nowottny 
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Resonant frequencies are calculated in this paper for two orientations, along 
the axis of easy magnetization and perpendicular to this axis, in a constant 


magnetic field. 


The resonant frequencies for ferrite with 


uniaxial symmetry have been calculated already 


[1]. The authors of that paper obtained 
resonance formulae under the assumption that 
ferrite consists of one sub-lattice. For a 
model with two sub-lattices the calculation 
was carried out elsewhere [2]. In that case 
a magnetic field was considered set up only 
along the axis of easy magnetization. In the 
present paper resonance formulae will be 
obtained for the following model. 

Suppose that ferrite consists of two 
ferromagnetic sub-lattices, The complete 
magnetic moment of the first sub-lattice is 
M, and of the second ¥,. Exchange between 
atoms belonging to different sub-lattices has 
an antiferromagnetic character, whereas 
interaction inside each sub-lattice is ferro- 
magnetic. In addition to this interaction of 
exchange, there exists an interaction respon- 
sible for anisotropy. In the given case 
uniaxial anisotropy is presupposed. The axis 
of anisotropy is 0Z. Each direction perpen- 
dicular to 0Z is a direction of difficult 
magnetization. 

The invariant form of energy for the given 
system of two ferromagnetic sub-lattices can 
be written thus* 
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* As the problem consists in finding the natural 
frequency of a process uniform in volume, the 
gradient of magnetization V7 M need not be 
considered. 


F = —~_A,M;— AM,M,— 
9 l 


— AM,; Mo, — 


In expression (1) the constants A_,, A, and 
A are proportional to the exchange integrals; 
Ay, A, > 0 (ferromagnetic interaction and 
A <0 (antiferromagnetic interaction). The 
choice of parameters A A 0, 
ensures the minimum of energy in the direc- 
tion 0Z As the exchange energy is con- 
siderably higher than the energy of aniso- 


tropy, the ratio <t. 


Let us suppose that the ferrite specimen 
has the shape of an ellipsoid of rotation, 
The axis of rotation coincides with the 0Z 
axis. In this case the demagnetizing field 
of the specimen has the form 


= —Na (Mia Mex) (2 = x, y, 2) 
N,=N,=N 


If in (1) the energy of the specima@ in the 
demagnetizing field is taken into account, 
then only the constant (4, 4, , A, A 1,2) is 
changed and no new terms are added, 

In this way, expression (1) represents the 
energy of uniaxial] ferrite which has the 
shape of an ellipsoid of rotation, Completing 
the description of the model, we consider in 
expression (1) the energy of the moments in 
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the external field - H(M,+M,). 

We then proceed in the following manner, 
On the basis of the condition of minimum 
emergy of F, we determine the equilibrium 
posi tions of the magnetic moments i, and 
M,- The moments about the equilibrium 
positions effect small precessions 


— 


3M, (t) = M, (t) — M, 
3 Mi, (t) Mia 


M, (t)| 
(i= 1,2; y, 2). 


The frequencies of the precessions are 
found from the equations of movement 


— 


M, = 11 [M, Hj 
(4 a= 1,2): 


e (2) 
= 
where g, are the g factors of the first and 
second sub-lattice, and i; the effective 
magnetic fields acting on each sub-lattice, 
The effective fields are determined from 
equations 


OF 


= 1,2; a=X, y, 2). 


Hy = — 


The amplitudes of the precessions are 


always considered to be low. pee <1 and 
i 


are considered only in linear approximation. 

We wish to carry out the calculation for 
the case when the external magnetic field is 
set up perpendicularly to the axis of easy 
magnetization, 

Field set up perpendicularly to the axis of 
easy magnetization, From the expression for 
the energy of the system, which in the given 
case has the form 


-AM,, M2, — > 


— H,(M,, + Mex) + const, 


we find the equilibrium values of moments 
Mia. 

In determining the equilibrium values it is 
considered that the energy of anisotropy is 
substantially less than the exchange energy 


+ | ~e <1 and that the external field 


does not exceed in its order of magnitude the 
field of anisotropy. 

The energy of the system is laid out in 
powers of the small parameter e€. In approxi- 
mation at zero in respect of €, the minimum 
of the energy is satisfied by any pair of 
moments i, and ¥ anti-parallel in respect of 
each other, The direction in spate is not 
considered in the given case, 

In a first approximation in respect of €e, 
the magnetic moment i, is also anti-parallel 
to the moment M,, but the direction in the 
plane of the external field and of the axis 
of anisotropy is already fixed by the field 
and the axis of anisotropy. The magnetic 
moments in the given case are determined by 
formu] ae 


0 : 
Ms = M, sin 0; 


(3) 
= — M, sin SIN =*H,, 


where 
A.M? + +2|A| MyM, 


%*= 


and $ 10 is the angle between i, and the axis 
of anisotropy 0Z 

In this approximation the intensity of 
magnetization of ferrite does not differ from 
that of a ferromagnetic with a resulting 
magnetic moment equal to -|¥#,|. 

If the energy in the second order in respect 
of € is considered, then a difference arises 
in the behaviour of a ferromagnetic and a 
ferrite. In this case the intensity of 
magnetization of the sub-lattices is deter- 
mined with an accuracy up to the first order 
in respect of the anisotropy. 

The contribution of the calculated correc- 
tions to the intensity of magnetization is 
insignificant (proportional to €). However, 
the corrections eM‘, andeM{ must be known 
for the determination of the resonant fre- 
quencies, 

The most natura] method of determining 
Mie appears to be the direct substi- 
tution of the values of 
in the expression for the energy, followed by 
minimization of the energy. However, Ms. 
could not be found directly, and a small] 
parameter § was first introduced which 
characterizes the deflexion of the moment 
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from the anti-parallel orientation, Then 
with new variables ?, and §, 8 is determined 


iF 
from condition < == 0 and M4, from eondition 


(Here $;, are the angles formed by 


with the OZ axis, and 


= 
By this method the following expressions 


are found for Ms 


(d, cos 291) + 


2 COS $19 ( 


H,M, sin 9); Hx < H’ 


€ Mo, 


Mx = = —|M,| ay >it. (4c) 
Here 
d,=A,;M; |} a=d,+a, i= 1,2, 


H +h. 


(the magnitude of h is proportional to the 
square of € and therefore is neglected). 

From formulae (4a) and (4b) it is clear 
that the relative orientation of the moments 
does not remain constant if the magnitude of 
the external magnetic field is changed. 

We now proceed to the determination of the 
natural frequencies from the equation of 
motion (2). Substituting the equilibrium 
values of the moments (see formulae (3), 
(4a), (4b) ) in the expression of motion, we 
obtain very cumbersome expressions, 

It is moreconvenient to operate in a 
co-ordinate systen rotated about the OZ axis 
through an angle P16 which is determined by 
relation sin Qi9=H,X, This direction is 
that of the resulting intensity of magnetiza- 
tion if the magnetic moments are so distribu- 
ted as to be strictly anti-parallel. In the 
shifted co-ordinate system the projections of 
the magnetic moments on the OZ axis are 
integrals of movement with an accuracy up to 
the first order in respect of €. In the new 
co-ordinate system the elementary but 
cumbersome calculations are therefore 
simplified. 

From the equations of movement (2), the 


following expressions are obtained for the 
resonant frequencies in a field set up 
perpendicularly to the axis of anisotropy. 


Radio frequency range* 


= COS Ay < H’, (5a) 


x 


Op H; H;)", Hy, > H’, 


M, = 7,8, = 1,2). 


Infra-red frequency range 


= —L—7"H H>H’, (6b) 


1112 (S; —S2) + Cy 


(Sy —S2) SiS 
L=C+E 

— Sit?— 


Si So 9 9 
E 2(S; - (Ait; 2T5 ( ) 11 T2) 


(S? —S3) + S{S3(M, — 


(Ait? + +2 11 %2)}- 


The field parallel to the axis of easy 
magnetization. In the case when the field 
magnitude does not exceed H;~|A|(M,—M,)(3], 
[3], the magnetic moments distributed along 
the axis of anisotropy 0Z are M;z=M,; 

M2 =—Mp. 


* The index r relates to radio frequencies 
and the index t to infra-red frequen- 
cies. 


7 
nh 
2 
| 
4 COS 10 
(4a) 
j . , d,+d 
VOL. 
8 
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In fields greater than Fy, reversal of the 
moments occurs, We shall consider in the 
given case only the region of fields in 
which the moments are antiparallel (H<M)). 
Then the resonant frequencies are determined 
by the following expressions 


Radio frequency range 


Infra-red frequency range 


. 
Si: — (8) 


” 
= %— AY, 


Wig = —S2) + C. 


Proceeding to the analysis of the formulae 
obtained (5)-(8) for the two field directions, 
we can draw the following conclusions, 

(a) In the radio range the expressions for 
the resonant frequencies (5), (7) coincide, 
to an accuracy up to the coefficients, with 
the expressions obtained for one sub-lattice 
(S= 4,=4 - 0, see [1]). Previously this 
has not been apparent, especially if it is 
considered that in the case of a field set up 
perpendicularly to the axis of easy magneti- 
zation the angle between the moments i, and 
M. does not remain constant, However, as 
shown by the calculations, the resonant 
frequencies are not sensitive to a small 
change of the angle between the moments, 

The practical result obtained from the 
present calculation is that, in the radio 
frequency range, the concept of one sub- 
lattice can be used with an adequate degree 


of accuracy. 

(b) The other branch of the spectrum, the 
range of infra-red frequencies, can naturally 
not be obtained on the basis of the idea of 
one sub-lattice. This branch essentially 
depends on exchange interaction between sub- 
lattices (6) and (8). As the forces of 
anisotropy are substantially less than the 
exchange fields, the dependence of resonant 
frequencies on anisotropy and field is small. 
However, in an approximation to the compen- 
sation point [4] (S,; the term (see (6), 
(3) ) proportional to A is reduced and the 
contribution from the anisotropy and the field 
becomes more important. It seems anisotropy 
to determine the resonance in this range of 
the spectrum, However, the experimental 
investigations of ferrites at the compensa- 
tion point do not yet allow comparison 
between calculated formulae and experimental 
data 

The author is deeply grateful to 
L.F. Vereshchagin, S.V. Tyablikov and 
E. A. Turov for their valuable advice in 
connecticn with this work. 
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ON THE STRUCTURE OF THE ENERGY BANDS IN 
IONIC CRYSTALS* 
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The structure of the electron band and three unfilled bands in 
crystals of the alkalihalide type is investigated with considera- 
tion of the degeneration of the electron states at the nodes of 
the halide, and of the possibility of the movement of the current 
carrier along the ions of both types. The approximate diagonali- 
zation of the Hamiltonian of the multi-electron problem is studied 
and a group-theory method is used for investigating the structure 
of the bands in some directions of F-space. 


A calculation of inter-electronic interaction 
in crystals has been carried out in the 
polar Shubin-Vonsovskii model [1]. On the 
basis of this model a great number of static 
and kinetic effetts in metals and semi- 
conductors were considered by Vonsovskii and 
his co-workers [2] and satisfactory agreement 
with experimental data was obtained, . 
Appropriate mathematical treatment for these 
investigations is provided by the method of 
secondary quantization which, in its appli- 
cation to the problem of a crystal, was 
developed by Bogolyubov and Tyablikov [3]. 

It was, however, the simplest case of 
s-electrons which was considered in that 
paper and excited states were not taken into 
account. The calculation of one undegenera- 
te p-state was carried out by Seigov and 
Galishev [4]; this showed overlapping of the 
energy bands in the spectrum of elementary 
excitations even at zero approximation, In 
all the work referred to above the degenera- 
tion with respect to the magnetic quantum 
number was neglected and thus it was not 
possible to obtain, for instance, the 
anisotropy of the effective masses of the 
current carrier and some other effects, 

The generalization of the polar model for 
the case of ionic crystals (of the alkali 
halide type) has been carried out by us 
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elsewhere [5]. The present paper is devoted 
to the same problem and special consideration 
will be given, firstly, to the calculation of 
the degeneration of the electron states and 
the halide nodes and, secondly, to the 
possibility of the movement of the current 


carrier for each sign in respect of both 
cations and anions, The first of the effects 
referred to defines essentially the proper- 
ties of the energy spectrum of the holes, in 
particular, the anisotropy of their effective 
masses, The second effect leads to a change 
in the shape and position of the energy bands 
in a crystal, that is, it influences the 
properties of the current carrier. It is 
particularly natural to calculate this 
effect, in view of the fact that recently the 
properties of the excess electron in the NaCl 
crystal [6] and also those of the holes in 
KC1 and NaC1 [7] have been studied in 

detail. These works serve thus as a zero 
order approximation for our problem. 

We wish to solve the problem on the basis 
of secondary quantization, although it can 
also be solved in configuration space by the 
Heitler-London method. For simplicity, we 
shall neglect the crystal-lattice vibrations, 
since the effects which interest us are not 
associated with electron-phonon interaction, 
although the latter can lead to a substantial 
addition to our calculation. 

Thus, we consider an ideal crystal lattice 


10 


of cubic syrretry with two tyres of nodes 
g and h, occupied respectively by positive 
and negative ions whick are considered 
immobile. In the grourd state we have 
maximum rancor distribution of electron 
density; there are no valence s-electrons 
about the nodes of tyne g (alkali), but at 
the nodes of type h (Falide) we find six 
electrors each in the p-state, which are 
characterized by the magnetic quantum number 
m-QO,' | and spin o=ct!/,, Fxcitation of the 
system is associated with a decrease in the 
randomness of charge distribution and with 
the appearance of elementary excitetions with 
charge of cpposite sign. By analogy with the 
single-electron theory, these excitations 
will in the following be called electrons and 
holes, and accordingly we skal] speak of 
electron and three-hole energy bands. 

The energy cperator for our problem has, on 
the basis of secondary quantization, the 
following form 


H = NL (aa’)atay + 
(1) 


F (2, ay a; a) a,, 


where summing is carried out over all 
indices @ which take the values g, s, o and 
hm, oti=: 1, 2, 3 Terms of the type 
L (a a’)in (1) describe the additive side 
of the Kkamiltonian — the kinetic energy of 
the electrons and the interaction with the 
ionic m-eyeten, and terms of the type 
F (2,2,2' a’ )- the coulomb and exchange 
interaction of the electrons with each other. 
In order to find the energy spectrum of the 
system it is necessary, first, to bring (1) 
into the quadratic form of the Fermi opera- 
tors ag, and then to transform the quadratic 
form into the canonical form (to diagonalize 
the operator (1)); this determines the 
energy of the elementary excitations reflec- 
ting the collective properties of the multi- 
electron system The first part of the 
described problem - writirg (1) in a quad- 
ratic form with consideration of our choice 
of ground state - is carried out for weakly 
excited states of the system by neutralizing 
the more essential quadratic terms in (1), 
transforming them into quadratic terms and 
discarding the less essential fourth terms. 
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section 1 of [8]) and, to save space, is here 


omitted, 
Further, for a clear account of the trans- 


lation symmetry of the problem, we go over to 
K-space after laying out the operators aq in 
a Fourier series. Finally we obtain 


A (sk) Akso + B (1k) + 


k,3 Rk, m,a 


+ C(msk) dems + 


Rk, m,o 


> D (msk) Rie + 


+) € (m; m; k) 

kim; mj 
We shall not write out the explicit form of 
coefficients A...F£, which can be expressed 
easily by coefficients L and F (1), because 
they are too cumbersome, For the diagonali- 
zation of (2) it is simplest to use the 
Bogolyubov-Tyablikov method [3], which is 
easily generalized for the case of Fermi 
particles, In agreement with this method, 
the diagonalization of (2) is accomplished by 
linear replacement of operators 


3 
= ley (R) (a = 0, 1, 2, 3) 

v= 
by the ortho-normalized amplitudes u,, 
which are adopted from the condition of 
conversion to zero of the coefficients with 
undiagonalized operators &,,, in (2). This 
gives a system of linear uniform equations 
for the determination of energy E, (Rk) and 
amplitude of transformation u,, 


3 
Ey (R) tay = Gas (R) ts, (R); 
(3) 


a=(Q, 1, 2, 3, 


where G,g indicates the set of coefficients 
A...E. For the system (3) to be capable of 
solution, it is necessary that the following 
determinant is equal to zero: 


(2) — E, (R) Bas): 


A (sk) —E, (k) C(mgsk) 
D(m,sk) B(m,k) — E, (k)e(m,m,k) 
D (mask) ¢(m.m,k) B (mk) — E, (k) 


This treatrent has been carried out repeatedly (m,sk) e(mgm,k) ¢(m mak) — E, (4) 


for models close to ours (see, for instance, 


VOL 
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This is a fourth-order equation in respect of 
E,. Clearly, calculation of the higher 
excited states in the theory of ionic 
crystals would lead simply to higher orders 
for equation (3). Since the exact solution 
of equation (3) (and this applies with even 
greater force to equations of higher orders 
for calculating subsequent excited states) is 
extremely laborious, it is convenient to use 
for the solution of (3) an approximate method 
based on expansion of coefficients G,s, eigen 
values F, and amplitudes w,, in powers of a 
small] parameter. Current carriers of a given 
sign move basically in the same sub-lattice 
formed by ions of the opposite sign and 
transfer only rarely to ions of another sub- 
lattice. The small parameter + will] for our 
problem account for the ratio of the probabi- 
lities of transit of the current carrier 
between ions of the two sub-lattices (expres- 
sed in formula (2) by coefficients C(msk), 
D(msk), for the probabilities of transit 
within the limit of one sub-lattice A(sk), 
B(mk), (mm 5k) in (2). This corresponds to 
an approximation of the close relationship 
between current carrier and crystal lattice. 
The expansions referred to above assume the 
form 


Coefficients A(sk), B(mk), (msmsk) are 
quantities of zero order in respect of 7, 
and c(msk), D(msk) are of the first order. 


Substituting (5) in (4), we obtain the 
following equations with approximation at 


zero 
(A (sk) — EY) uo = 0: 


(B (m,k) — EY) un, (my gk) + 
+ e(m,msk) Um, = 0, 
(mym,k) tm, + (B (mak) — EY) um, + (8) 
+ e(mymsk) a 0, 
e(mgm,k) um, + € (mgt) + 


+ (B (msk) — um, = 0. 


The unfilled energy bands are determined 
from the last three equations in (6). The 


energy spectrum for some points and direc- 
tions in k-space can be determined analy- 
tically by methods of group theory. It is 
not difficult to determine also the corres- 
ponding amplitudes of transformations u,,(&), 
which are necessary for caléulating the 
corrections for the energy in high orders of 
the theory of perturbations, It follows from 
the symmetry of a crystal that for the coef- 
ficients of equation (6) the following 
equalities exist 


L(m,mjk) =L(G~'m, G~'m;, G~'k), 


where G is any element of the symmetry group 
of the crystal. The wave functions of the 
p-shell] of the anions are selected in the 
form: xf(r) and zf(r), that is under the 
action of symmetry operations they are trans 
formed as co-ordinates x, y, z. 

L(-msm -k) = -L(m;m-k) and so on, The 
results are as follows (see Fig, 1): 

(1) At the most symmetrical point of K- space 
K =0 (the wave-vector group in this point 
contains the greatest number of elements) 
three energy bands coincide E. = B(m,0): 
r= 1,2,3. The amplitude of the linear 
transformation ufo) are arbitrary with an 
accuracy up to the conditions of normaliza- 
tion. 

(2) For direction (1,0,0) in K- space the 
energy bands split into undegenerate 
E,(k) = B(m,k)and two-fold degenerate 


E>o,3(k )=B (mamsgk). 


c 


K 
(444 


Fig. 1. Diagrammatical representation of energy 
levels at some points of the Brillouin zone. 


For the first band, for instance, the ampli- 


tudes of transformation k) = 1; 
= = 0 etc. 
(3) For direction (1, 1,0) in K-space 


degeneration is completely removed, and three 
energy bands are present. 


E? = B(m,k) +e (m,mzk), E3 (k) = B(msk). 
For the third unBilled band, for instance, 


11 
8 
1959 
(999 180 (40 


12 Energy bands in ionic crystals 


the amplitudes in approximation at zero: 
=u, = 0, us, =I] etc, 
(4) For direction (1, 1, 1) in K-space one 
undegeerate band is obtained 
= B (mzk) + 2 (mym,h) 
and one two-fold degenerate field 
E>. 3 (k) = B(m,k) —e 


The amplitudes in approximation at zero, 
for instance for the first unfilled band are 


0 0 0 1 
Uy; = U2, = 431 = — eta 


V3 
In a first approximation of the theory of 
perturbations the corrections of the energy 
are equal to zero, and in a second approxi- 
mation we obtain 


= C(m,sk) umyo + C tings + 


(7) 
C (mgsk) tings, 


0 


|C (m,sk) + C (mask) +,© (mgSk) 


Ey (by = 


= 2,3. 


The amplitudes uw! , are determined from 


first-order equations of the theory of 
perturbations, and neglecting the coefficient 
€ (mm ek) equal in order of magnitude to the 
width of an unfilled band, compared with 
A(sk)-B(mk) - of the order of the width of 
the forbidden band, we have 


(9) 


a! D (m; sk) 
B — A (Sk) 
Thus, the correction of the electron energy 
band is found to be equal to 
\C (mysk)|? \C (mgsk)|? 
A (sk) — B (mk) A {sk) — B(msk) (49) 
|C (mgsk)|* 
A (sk) —- B 


(k) = 


This magnitude is nearly always 
positive, whereas the corrections of the 
unfilled bands (8) are nearly always negative 
The displacement of the unfilled bands in 
some directions of K-space can be obtained by 
using the above calculation of amplitudes in 
approximation at zero. 


We now proceed to an analysis of the 
results obtained, 

1. In approximation at zero the energies of 
electrons moving along anions and the energies 
of holes moving along cations are determined 
independently from (€). Such problems were 
solved in previous works [6, 7]. The wave 
functions of holes were selected in (7) in the 
form of a linear combination of functions of 
the 3p-shell of an isolated Cl pattern 
according to Hartree with some coefficients 
determined by the variation method, Thus it 
was found that the width of the unfilled band 
which is essential for conductivity amounts 
to 1.5 eV in KCl and 2.17 eV in NaCl, and the 
effective masses (in the direction perpen- 
dicular to the cube diagonal (111) and 
lengthwise to this diagonal) are for 
NaCl= p. 0,98 m, » =0,54 m; and for 
KC1 respectively 4.5€ and 0.47 m, These 
results agree with other data and they show 
that it is permissible to use the Hartree 
functions of isolated atoms for similar 
calculations; this is connected with their 
small - compared with the inter-atomic 
distance — quantum-mechanical radius, 

In another paper [6] the corresponding 
magnitudes for the electron energy bands in 
NaCl are determined, for which modified 
Kartree functions, which attenuate more 
rapidly at larger distances, of the sodium 
atom are used. The results, however, do not 
agree with experimental data: for the base 
of the conductance zone a value of 1.9 eV 
was obtained instead of the experimental 
value of 0.5 eV; and the low value of 
9,59 m was obtained forthe effective mass. 
From this it must be concluded that in 
calculations of this nature the wave 
functions of isolated atoms should not 
be used and that the modified treatment 
proposed in [€] does not produce correct 
results. 

2 Formulae (7)-(10) give corrections for 
the calculations in work referred to above, 
Corrections for the unfilled bands were found 
to be nearly always negative and the correc- 
tion for the energy of the electron band to 
be positive.* By the group-theory methods 


* If subsequent excited states at the g nodes are 
taken into account, this correction may show 
reversal of sign. 
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referred to above, an explicit form for the 
displacement of energy bands for some direc- 
tions in K-space may be obtained, 

3. Numerical estimates which, on the basis 
of secondary quantization, are connected with 
a concrete choice of basic functions defining 
coefficients L and F in (1) would be of very 
great interest. Approximations which are 
fundamental for the method used (the break in 
the set of functions for obtaining (1)) lead 
to some variation problem, and it is there- 
fore expedient to select basis functions of 
the concept of secondary quantization which 
more adequately correspond to real electron 
states in a crystal (cf. also [€]). The use 
of wave functions of isolated atoms for these 
calculatians were found to be unpromising 
also in [6] where overlap integrals for 
similarly charged ions were essential, The 
difficulties are increased in our case, since 
on the basis of these functions it is 
necessary to calculate integrals relating to 
the nearest neighbours in the cryStal lattice, 
If the wave functions of electrons in a 
crystal will be determined in some form or 
other, then numerical calculations in the 
given framework do not present any difficul- 
ties in principle and, in contrast with 
single- electron work, they will not be con- 
nected with any supplementary concepts (for 
instance, on the calculation of exchange 
forces). 

4. Consideration of the degeneration of 
electron states thus leads to the anisotropy 
of the effective masses of the current 
carrier and to a change in the shape and 
position of the energy bands, These effects 
are also influenced by taking into account in 
our calculations the movement of the current 
carrier at the nodes of both cations and 
anions, It may be stated that in homo-polar 
seniconductors of the germanium type the 
anisotropy of the effective masses of the 
current carrier is due to the nature of the 
chemical bond [8]. 

Thus, both in the case of the homo-polar 
crystals of the germanium type and in the 
case of the alkali halide type, spin-orbital 
interaction does not appear to be a necessary 
factor for producing anisotropy of the effec- 
tive masses of the current carrier. 

The present paper offers a general multi- 
electron approach to the problem of the 


degeneration of electron states in crystals; 
a smal] parameter is introduced which allows 
the practical treatment of the calculation of 
the energy spectrum for the many-el ectron 
system in binary crystals; attetion is 
directed to the close connexion with papers 
[6, 7], which allows the results of those 
papers to be corrected. A method of numerical 
calculations is pointed out, which is 
associated with the general problem of 
electron wave functions in a crystal*, 
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MAGNETIC PROPERTIES OF STEELS AS A BASIS 
OF MAGNETIC STRUCTURE ANALYSIS* 
G.S. TOMILOV, M.N. MIKHEEV and M.F. POMUKHIN 
Institute of Metal Physics of the Academy of Sciences, U.S.S.R. 
(Received 13 October 1958) 


On the basis of an investigation carried out on magnetic and 
mechanical properties of a number of structural and instrument 
steels after quenching and tempering in a wide range of tempera- 
tures, and also on the basis of an investigation on the tempera- 
tures dependence of the magnetic properties of steels (in the 
range from -196 to + 300°C), a new magnetic method is proposed 
for quality control in the heat-treatment of steel parts 
subjected to high-temperature tempering (350-700°C). 


Present-day large-scale production of steel 
parts, used in machine construction, with 
high performance requirements and the heat- 
treatment which in some form or other is 
associated with it demand that, on the one 
hand, high-productivity automatic lines be 


used and, on the other, a method of control- 
ling as efficiently as possible the quality 


of heat-treatment; this method should ensure 
100 per cent control of the product in the 
flow line and should be non-destructive, 
Present methods of selective testing of parts 
in respect to their hardness or microstruc- 
ture do not fully ensure the elimination of 
scrap in large-scale production and, far from 
facilitating the setting-up of automatic 
heat-treatment lines, they even work against 
them. 

Of al] the non-destructive methods of 
quality contro] for the heat-treatment of 
stee] parts, it is the magnetic method which 
is most productive and simple and, at the 
same time, assists complete automation of the 
process of heat-treatment and of the quality 
control of this treatment, 

Several magnetic devices are know which 
allow selective or constant non-destructive 
contro] of the quality of thermal treatments 
(quenching, tempering, annealing); they 
operate by measuring some magnetic properties 
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present in the product, for instance coercive 
force or permeability [1-6]. 

However, the use of magnetic methods of 
control] in practice should be most effective 
if magnetic devices are incorporated in 
automatic flow lines of thermal treatment, 


STUDY OF MAGNETIC PROPERTIES AND 
HARDNESS IN STRUCTURAL AND 
INSTRUMENT STEELS 


Before one sets out to design magnetic 
control apparatus or an automatic flow line 
incorporating heat-treatment and the quality 
control of this treatment, it is necessary to 
study the relationship between the magnetic 
and mechanical properties and the microstruc- 
ture in a given steel, 

The relationship between magnetic and 
mechanical] properties (for instance, between 
coercive force and hardness, has a completely 
defined physical basis, As a rule, when the 
phase composition remains unchanged (for 
instance, in pure pearlitic or pure marten- 
sitic conditions) the coercive force 
increases as the hardness increases, If, as 
a result of inadequate heating of a part 
prior to quenching, troostite or pearlite is 
present in the structure together with 
martensite, it is found that both hardness 
and coercive force are lowered, If after 
quenching to martensite a part is tempered, 
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both its coercive force and its hardness are, 
as a rule, reduced depending on the degree of 
tempering (temperature and holding time). On 
the basis of these general rules, there arises 
indeed a practical possibility of using a 
magnetic method for the quality control of 
the heat-treatment of steel] parts, 

However, in some steels these general rules 
are not observed. Thus, for instance, unifom 
reduction in hardness is, in a certain range 
of temper temperatures (200-600°C), accom- 
panied by a non-uniform change in coercive 
force (first increase, then decrease). This 
is explained by the formation or decomposi- 
tion of non-magnetic or weakly magnetic 
phases such as residual austenite and car- 
bides [7]. 

In structural steels with low contents of 
carbon and alloying elements, a direct 
connexion between hardness and coercive force 
is oft@ observed over the entire range of 
treatment temperatures and the magnetic 
control] method can therefore be used without 
difficulty by measuring any one magnetic 
characteristic (single-parameter method 
[3-5, 8]). In the case of high-carbon 
unalloyed and alloy steels the use of the 
single parameter method is found inadequate, 
For instance, the magnetic method for the 
control of the quench quality in ball- 
bearing parts (stee] ShKh15) by measuring 
the coercive force does not allow separation 
of scrap due to overheating from sound 
products or from scrap due to inadequate 
heating, This is explained by the peculiar 
gradient of the change in the coercive force 
as a function of the quench temperature: the 
coercive force increases as the quench 
temperature rises to 800°C, it remains 
unchanged while the temperature is further 
increased to 850°C and drops substantially 
during marked overheating (850-950°C [9]). 


However, we turned to another magnetic 
property -— saturation magnetization I, - and 
succeeded in overcoming this difficulty, and 
it can be stated that the magnetic control of 
quench quality for bearing rings has now been 
mastered [10]. This experimental development 
was taken up by the Institute of the Bearing 
Industry (ENIIPP) and has been introduced in 
a number of other ball-bearing works [11]. 

Similar difficulties are encountered when 
magnetic methods are introduced for the 
control of temper quality. 

Fig, 1 and 2 show magnetic properties (Hand 
I,), hardness (R,) and electrical resistance 
(p) for two typical steels after quenching 
and subsequent tempering from various tem- 
peratures, 

The chemical compositions of the investi- 
gated steels are shown in Table 1. 

It is seen in Fig. 1 that, in the batches 
of steel] ShKh15 specimens which were subjec- 
ted to quenching from different temperatures, 
the electric resistance and hardness as well 
as magnetic properties show a different 
behaviour after tempering from various tem- 
peratures, 

For quenching with underheating (780°C) or 
normal quenching to microcrystalline marten- 
site (850°C), coercive force and hardness 
show maximum and electric resistance minimum 
values compared with higher quench tempera- 
tures. Saturation magnetization is lowered 
with an increase in quench temperature as a 
result of the increased amount of residual 
austenite, 

As the temper temperature is increased, the 
hardness and electric resistance values drop 
nearly uniformly. An exception is made by 
the coercive force which shows a slight 
maximum at §00-525°C, 

A more marked change is observed for all 
properties as a result of tempering at 100- 


TABLE 1 
Composition of steels studied 


Contents, wt.% 


0. 30 


VO! 
8 
19! 
Steel 
Shkh15 1.00 1.50 | 0.9% | 0.020 | 0.027 
40KhN 0. 40 0.60 | 0.60 0.5 - - 
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250°C; this is associated with stress 
relief of the second type and with decomposi- 
tion of residual austenite, 

For quenching with overheating (900-1080°C), 
on the other hand, the initial properties 
(coercive force, hardness, saturation magneti- 
zation) are relatively low owing to the large 
quantity of residual austenite, 

Tempering at 150- 250°C leads to a subsidiary 
maximum for the coercive force in the range 
200- 220°C and to nearly complete decomposition 
of the residual austenite. Following temper- 
ing at 300-650°C the values of coercive force, 
intensity of magnetization and hardness 
remain higher than with normal quenching from 
850°C, but a subsidiary maximum of the coer- 
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Fig. 1. Magnetic, electric and mechanical 


properties of steel SHKhi5 after quenching and 
tempering from various temperatures, 


cive force at 550°C shows up more clearly, 

The properties of steel 40 KhN show similar 
changes (Fig. 2). The values of the coercive force 
are lower compared with those insteel Shkh15. 

The coercive force values observed at 
temperatures ranging from -196 to +300°C are 
shown in Figs. 3 and 4 * 

At observation temperatures T S 220°C 
(above the Curie point for carbides) the 
maximum value of the coercive force was 
observed in the region of 400°C tempering, 

At all temperatures above 400°C the coercive 
force drops steadily and does not show any 
further maximum values, 

The disappearance of subsidiary maxima of 
coercive force (at 550-600°C) and the 
formation of a new maximum in the region of 
T>220°C can generally be explained by 
Kondorskii’ s theory of inclusions [12], when 
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Fig. 2. Magnetic, electric and mechanical 
properties of steel 40KhN after quenching and 
tempering from various temperatures. 


* The coercive force was measured at various 
temperatures by means of an astatic magneto- 
meter; a small tubular furnace was placed into 
one of its solenoids. A thermocouple was 
located very close to the specimen. The 
accuracy of measurement and of constancy of 
temperature was + 3°. 
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weakly magnetic carbides differing in their 
degree of dispersion and intensity of magneti- 
zation appear as inclusions, 
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Fig. 3. Coercive force of steel Shkh15 (quenched 
and tempered from various temperatures) as a 
function of the temperature of observation: 

1 at 20°C; 2 at 100°C; 3 at 150°C; 4 at 220°C; 
5 at 250°C; 6 at 300°C; 7 at -196°C (liquid 
nitrogen). 


The temperature measurements of coercive 
force afford a deeper understanding of the 
physical nature of the connexion between 
magnetic and mechanical properties in steels 
and they can be widely used in practice for 
magnetic analysis under works conditions, 
This is of special importance in cases when 
measurements at room temperature are 
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unreliable for separating temper scrap from 
the sound products. 

For magnetic control in automatic flow 
lines the measurements of coercive force can 
be carried out either immediately at the 
temper temperature or at any lower tempera- 
ture. All that matters is that the tempera- 
ture is not lower than 220°C and that it does 
not differ too widely from this figure, 

It is understood that the control of quench 
quality should be carried out up to tempering 
by means of measuring (manually or automati- 
cally) the coercive force or permeability and 
intensity of magnetization at the works 
temperature, Only parts which are quenched 
normally must be admitted for tempering, 
Otherwise the results of inspection following 
the tempering may be incorrect. 

In the temper temperature range between 250 
and 350°C, as seen in Fig. 3, the coercive 
force observed at T > 220°C (curves 4 and 5) 
increases. This does not prevent the use of 
magnetic control provided that too violent 
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Fig. 4. Coercive force of steel 40 KhN (quenched 
and tempered from various temperatures) as a func- 
tion of the temperature of observation: 1 at 20°C; 
2 at 100°C; 3 at 150°C; 4 at 220°C; 5 at 250°C; 
6 at 300°C; 7 at -196°C (liquid nitrogen). 
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temperature fluctuations are avoided, 
In conclusion it should be noted that 


several types of automatic apparatus for 
coercivity measurements have been described 
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in the literature, The apparatus, which 
requires no operator, allows continuous 
measurement of the coercive force of parts 
produced in any automatic flow line [13-14]. 


CONCLUSIONS 


Supplementary to existing magnetic methods 
for the quality control of the heat-treatment 
of steel parts quenched to martensite and 
subjected to high-temperature tempering, an 
automated magnetic method is proposed for 
control] in automatic flow lines at observa- 
tion temperatures not below 220°C, For 
steels in which the coercive force changes in 
a non-singlevalued manner as a function of 
the tempering temperature, the proposed 
method of control ensures sufficiently 
accurate separation of scrap over nearly the 
entire range of tempering temperatures, The 
magnetic properties and hardness of two 
typical steels after quenching and tempering 
from various temperatures are given, and also 
the coercive force at different temperatures 
of observation (from -196 to +300°C), 
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STUDY OF THE PROPERTIES OF TITANIUM ALLOYS 


IV. PROPERTIES OF ALLOYS OF THE TERNARY Ti-A!-Fe SYSTEM* 
I.I. KOPNILOV, E.N. PYLAFVA and M.A. VOLKOVA 


Paikov Institute of Metallurgy 


(Received 25 March 1958) 


Titanium, the new light-weight, high- 
strength material, plays an important part in 
the production of new heat-resisting 
materials. For this reason, great impor- 
tance is attached to the study of phase 
diagrams of the titanium systems [1-3]. For 
the solution of practical problems in the 
application of titanium alloys it is very 
important to establish the laws according to 
which the mechanical properties at elevated 
temperatures of these alloys change in rela- 
tion to cherical composition and structure or 
in relation to the phase diagram. In con- 
junction with a study of the phase diagrams 
of the titanium systems [4,5] we undertook a 
systematic investigation of the strength at 
elevated temperatures of the titanium alloys 
[6, 7}. These problems are important both 
for the development of the theory of strength 
at elevated temperatures and for the solution 
of the practical problems involved in the 
development of new titanium alloys, 

The present paper gives the results 
obtained in the study of the strength at 
elevated temperatures of titanium alloys of 
the termmary Ti-Al-Fe system, 

On the basis of the study of the phase 
diagram of the ternary Ti-Al-Fe system, the 
regions of phases a, B, at+TiFe,a-+y7 and 7 
were established at temperatures of 1150, 
1100, 1000, 800 and 550°C in the titanium 
comer of the diagram [8]. 

The solid solutions of aluminium and iron 
in B- titanium at 1100°C occupied considerable 
space, The ternary solid solutions on the 
basis of a-titanium at 550°C in the system 
studied are arranged in the form of a narrow 
band on the side of the Ti-Al system, The 
iron contained in the ternary a-solid 
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solution amounts to 0.5 wt. per cent, 
Fig. 1 shows the phase diagram at a tempera- 
ture of 550°C, 


Fig. 1. Iso-thermal section through part of the 
ternary system Ti-Al-Fe at 550°C. 


The alloys were prepared by the powder- 
metallurgy method. After pressing, the 
specimens were sintered in a vacuum under the 
following conditions slow heating up to 
1100°C, holding for 109 hours and cooling in 
the furnace to room temperature, The compo- 
sitions of the alloys studied are shown on 
the three radial sections containing up to 
20% Al and Fe (see Fig. 1) with constant 
aluminiun/iron ratios of 3:1, 1:1 and 1:3 
Alloys of the section parallel to the Ti-Al 
side with contents up to 0.5% Fe and up to 8% 
Al were also studied. 

The investigation of the heat-resistant 
termary alloys was carried out by the 
centrifugal method [9]. The tests were 
conducted at 550°C at a stress of 15 kg/mm?; 
the test time was 100 hours, The alloys from 
the region of the a-ternary solid solutions 
and adjacent region (up to 0.5% Fe) were 
distinguished by their high strength at 
elevated temperatures compared with the 
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alloys found in the clearly two-phase region 
a + TiFe with separation of the second phase 
in the form of large inclusions 

For the set of alloys with high strength at 
elevated temperatures on a basis of ternary 
a-solid solutions of titanium the test 
temperature was increased by 50°C after each 
cycle of 250 hours. The test conditions 
adopted for these alloys were as follows: 

At 550°C 6 — 15 kg/mm? = 250 hours 

At 600°C o — 15 kg/mm? = 250 hours 

At 650°C o — 15 kg/mm? = 250 hours 

At 700°C o — 15 kg/mm? = up to fracture 

The measure adopted for the strength at 
elevated temperatures was the change in the 
deflexion (in mm) in relation to the time of 
deformation and the time necessary for 
reaching a given deflexion at the test 
temperature and at constant initial stress 

Fig. 2 shows the changes in deflexion for 
alloys, the compositions of which are indica- 
ted on the radial sections, These alloys 
were tested at 550°C while stressed at 
15 kg/mm? for 100 hours, It is clear from 
the curves obtained that minimum strength at 
elevated temperatures is shown by the alloys 
of the two-phase region on the side of the 
Ti-Fe system (curves 1 and 2), 

The microstructure of the alloy containing 
3.75% Al and 11, 25% Fe is shown in Fig. 3. 
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Fig. 2. Deflexion (mm) plotted against time 
(hr) for parallel-section alloys. 

Curve 1: Alloy containing 2.5% Al, 7.5% Fe 90% Ti; 
3.75% Al, 11. 25% Fe. 86% Ti; 

6.5% Al, 6.5 Fe, 87% Ti; 

7.5% Al, 7.5% Fe, 85% Ti; 

7.5% Al, 2.5% Fe, 90% Ti; 

3.75 Al, 1.25% Fe, 9&% Ti; 

7.5% Al, 0.5% Fe, 92% Ti; 

&,0% Al, 0.5% Fe, 91.5% Ti. 
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Fig. 3. Microstructure of an alloy containing 
3.75% Al, 11.25% Fe, after annealing at 550°C for 
500 hr. x 160. 


The light regions correspond to the 
a-phase and the dark to areas between the 
grains filled with eutectoid a- TiFe. These 
alloys contain three times more iron than 
aluminium; at 550°C they are found to be not 
heat-resistant, Alloys in which the iron/ 
aluminium ratio is 1:1 are more heat-resistant 
and, when strained, show less deflexion 
(curves 3 and 4 in Fig. 2) than the preceding 
alloy compositions The micro-structure of 
an alloy containing 6.5% Al and 6.5% Fe 
(Fig. 4) shows a-solid solution crystals in a 
eutectoid (@ + TiFe) matrix. When the alloy 
compositions approached the region of the 
saturation limit of the a-solid solution, 
the alloys acquired higher heat resistance 
than alloys which were clearly two-phase, and 
their deflexions were insignificant. This is 
clearly shown by the curves plotting the 
deflexions (curves 5 and 6 in Fig. 2). The 
microstructure of these alloys is similar to 
that of an alloy containing 3.75% Al and 
1, 25% Fe (Fig. 5); it consists of polyhedrons 
of the ternary @ -solid solution with inclu- 
sions of a + TiFe eutectoid along the grain 
boundaries, 


Fig. 4. Microstructure of an alloy containing 


6.5% Al, and 6.5% Fe after annealing at 550°C for 
500 hr. x 160. 
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Fig. 5. Microstructure of an alloy containing 
3.75% Al and1.25%Fe after annealing at 550°C for 
500 hr. x 160. 


Of all the investigated ternary alloys of 
the Ti-Al-Fe system, high heat-resistance was 
shown by parallel-section alloys containing 
0.5% Fe and from 1 to 8% Al. These alloys 
exhibited least deflexions on straining 
compared with the other alloys studied 
(curves 7 and 8 in Fig, 2). 

In their phase structure, these alloys 
correspond to the boundary region of the 
transition from the single-phase region of 
the ternary a-solid solution to the two- 
phase a + TiFe region, 

For a test time of 100 hours at 550°C, 
creep was low for a number of alloys and 
their deformation quite insignificant, In 
this connexion, the test temperature was 
increased by 50°C after every 250 hours, 
while the same stress of 15 kg/mm? was main- 
tained, The general total test time for 
these alloys at temperatures of 550, 600, 
650 and 700°C was 875 hours, 


Constant content of Fe=0.5% 
GU0"C 650°C 700°C 


2 


Deflexfon (mm) 


500 
Time (hr) 


Curve 1: Pure titanium 


Fig. 6. 
: Alloy containing 1% Al, 0.5% Fe, 98.5% Ti; 
: Alloy containing 3% Al, 0.5 Fe, 96.5% Ti; 
: Alloy containing 5.5% Al, 0.5% Fe, 94% Ti; 
: Alloy containing 7.5% Al, 0.5% Fe, 92% Ti; 
: Alloy containing 8% Al, 0.5% Fe, 91.5% Ti. 


Curves plotting the change in deflexion 
with time are shown in Fig.6 for alloys of 
parallel section, The curves show the 
lowest heat-resistance for pure titanium, 
Pure titanium deformed more rapidly than 
titanium alloys containing iron and aluminiun, 

Ternary alloys with increasing aluminium 
contents showed a corresponding increase in 
heat-resistance, Of this series of alloys 
those containing 7.5 and 8% Al and 0. 5% Fe 
showed the highest strength at elevated 
temperatures, At temperatures below 650°C 
their deformation was negligible and they 
began to be deformed only at temperatures 
between 650 and 700°C, 


Fig. 7. Microstructure of an alloy containing 
7.5% Al and 0.5% Fe after testing by the method of 
deflexion; x 160. 


Fig. 7 shows the microstructure of an alloy 
containing 7.5% Al and 0.5% Fe after heat- 
resistance testing; it presents a solid- 
solution polyhedron with a small amount of 
precipitate of a finely dispersed phase along 
the grain boundaries and in the grain inter- 
ior. The microstructures of the other alloys 
of this section are similar, 

The results of these investigations show 
that, just as in the binary Ti-Al system [8], 
aluminium increases the heat-resistance of 
ternary alloys in those regions of the phase 
diagram in which the matrices of these alloys 
are ternary a-solid solutions and alloys 
from the region of the limit of saturation. 

With a view to confirming these results, it 
was considered interesting to study alloys in 
which the aluminium contents were kept con- 
stant at 1, 4 and 8 per cent while the iron 
contents were varied from 0.5 to 10 per cent. 
In agreement with the phase diagram (Fig, 1), 
these alloys are found in the transition 
region between temary solid solutions and 
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two-phase alloys of eutectoid structure, The 
influence of the change in the iron content 
(up to 10 per cent) on the heat-resistance of 
ternary alloys is shown in Fig.8, which gives 
the times when a deflexion of 5 mm was 
reached by these alloys when tested by the 
centrifugal method at 550°C at a stress of 

15 kg/mm?, Three curves are plotted showing 
the influence of iron on alloys containing, 
respectively, 1, 4 and 8 Al. 


400 


| 


Fe, % 
Fig. 8. Change of deflexion as a function of 
time for alloys of parallel section. 
Curve 1: 1% Al and variable Fe contents 
2: 4% Al 
3: 8% Al 


Time (hr) 


= 
S 


It is seen in Fig.8 that ternary alloys 
containing from 0.5 to 1% Fe (from the b 
boundary region between the a-phase and the 
a + TiFe phase) have maximum heat-resistance 
and alloys containing more than 1% Fe (the 
region a + TiFe) have a reduced strength at 
high temperatures. Heat-resistance is sub- 
stantially reduced as the iron content goes 
up, the alloys containing more than 2 per 
cent iron show low values of heat-resistance 
and high plasticity at 550°C. 

The relationship between the heat- resistance 
of titanium alloys [4, 6, 7], and also of 
alloys of the ternary system Ti- Al-Fe, and 
their composition and structure is found to 
be in agreement with the regular changes of 
heat-resistance in systems based on aluminium 
iron and nickel [10-12]. This confims the 
views expressed in an earlier publication by 
one of the authors of the present paper on 
the physico-chemical theory of high-tempera- 
ture strength [13]. 


CONCLUSIONS 


1, The heat-resistance of titanium alloys 


is found to be a function of alloy compo- 
sition and structure of the ternary Ti-Al-Fe 
system. 

2 Alloys with the highest heat-resistance 
are found in the border zone of saturation 
and super-saturation of the titanium ternary 
a@-solid solution, 

3 Transition to ternary alloy compositions 
from the two-phase structure (a -— TiFe) 
produces a lowering in heat-resistance with 
an increase in plasticity. The low heat- 
resistance of alloys of this region is 
explafned by their eutectoid structure and 
low temperature of transformation in the 
region of B-solid solutions. 

4. The highest heat-resistance is shown by 
alloys containing between 3 and 8 per cent 
aluminium and up to 0.5 per cent iron, 

5. As the aluminium content is increased 
in the ternary alloys while the iron content 
is kept constant at 0.5 per cent, the heat- 
resistance of the alloys is increased and 
their plasticity decreased. 

6. Alloys with aluminium contents of 1, 4 
and 8% and iron contents varied from 0 to 
10% show that the maximum heat-resistance of 
the ternary alloys corresponds to the compo- 
sitions found in the phase diagram of the 
ternary Ti-Al-Fe system in the transition 
region between the teary a-solid solution 
and that of the two-phase a + TiFe, 


Translated by H. Nowottny 
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DIRECTIONAL DIFFUSION, DUE TO DEFORMATION, 


OF HYDROGEN 


IN A SOLID SOLUTION AND 


STRENGTH OF THE METAL* 
K.V. POPOV and V. A. YAGUNOVA 


East Siberian Branch of the Siberian Section 
of the Academy of Sciences, SSSR 


(Received 7 July 1958) 


The magnitude of the hydrogen pressure in micro-defects of steel 20, which is 
necessary for the spontaneous formation of blisters in the surface layer of 
specimens during cathodic polarization in an electrolyte, is estimated, the 
diffusion coefficient for hydrogen in steel is calculated and one of the 
theories of hydrogen embrittlement is confirmed. 


Hydrogen can enter steel, when the metal is 
in the solid state, either from electrolyte 
during etching or cathodic polarization, or 
from a gas phase containing hydrogen, 
especially at elevated temperatures and 
pressures. Moreover, steel when solidified 
can retain part of the hydrogen dissolved in 
the metal when it was melted, 

Hydrogen absorption of steel is accompanied 
by modification of many of its properties. 
One of the most typical effectsof hydrogen on 
steel is the development of hydrogen embrit- 
tlement at low rates of deformation. The 
physical nature of hydrogen embrittlement has 
not yet been studied thoroughly enough and it 
is therefore too early to formulate a complete 
theory of this phenomenon, 

Several hypotheses exist concerning hydrogen 
embrittlement; The following appear to be 
most widely know, 

1. The hypothesis of internal pressures 
forming in micropores as a result of direc- 
tional diffusion of hydrogen during plastic 
deformation [1]. 

2. The hypothesis of inhibition of disloca- 
tions due to hydrogen atom clusters at 
sufficiently slow loading and at a suf- 
ficiently high temperature [2]. 

3. The hypothesis of surface activation by 
adsorbed hydrogen which decreases surface 
energy and facilitates propagation of cracks 


* Fiz. metal. metalloved. 8, NO.2, 187-192, 1959. 


[3-5]. 

It is the purpose of the present work to 
estimate the possibility of hydrogen embrit- 
tlement being formed in accordance with the 
first hypothesis 

Prepared ten-notch bar specimens, 8 mm in 
diameter, of steel 20 were exposed to satura- 
tion in norma? aqueous solution of sulphuric 
acid with arsenic accelerator addition, 
While the specimens were being saturated, 
blisters appeared on their surface (still 
prior to testing) spheroidal in shape, and 
cracks were observed below these blisters 
(Fig.1). The formation of such blisters 
clearly contradicts the result obtained 
elsewhere [6] according to which hydrogen 
does not under any circumstances develop 
pressures high enough to fracture the metal. 

For a blister to increase, it is necessary 
that in the crack a pressure arises which is 


Me 


> Be 


Fig. 1. Cross-section through a blister at the 
surface of a steel 20 specimen after electrolytic 
saturation with hydrogen. x 90. 
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high enough to set up, in the metal below the 
crack, stresses which are not less than the 
yield stress. If the yield stress of the 
test metal and the basic parameters of the 
defect formed are known, it is not difficult 
to éstimate the pressure arising during the 
propagation of a crack, 

The portion of the material covering the 
crack can be regarded, to a certain approxi- 
mation which is adequate for an estimate 
calculation, as the wall of a thick-walled 
spherical container (Fig. 2). The tangential 


Fig. 2. Diagrammatic representation of a 
spherical blister, which corresponds to the forma- 
tion of the actual defect shown in Fig. 1. 


stresses in such a wall are calculated [7] 
according to the formula 


where ©, are the tangential stresses, P, the 
external pressure, P, the internal pressure, 
ry the radius of curvature of the external 
surface, r, the radius of curvature of the 
internal surface, and r the distance between 


the centre of the sphere and the point at 
which the stress is determined. 

Assuming that og, is equal to the yield 
point for steel and neglecting the quantity 
Py which is know to be small compared with 
P, we determine the stress at the internal 
surface of the sphere (r = To)e Substituting 
the appropriate values inequation (1), we obtain 


P, (2r3 +77) 


(2) 


Solving equation (2) with respect to P, and 
substituting the experimmtally found values 
ofa, = 24 kg/mm’, r, = 0.60 mm and 
r, = 0.85 mm, it is sem that the pressures 
at which a blister can increase must be not 
less than 25 kg/mm? or 2500 atmospheres, 

To establish the possibility that the 
internal defects are filled with hydrogen up 
to the critical pressure for the time of 


deformation, it is necessary to determine the vol 
diffusion coefficient for hydrogen in the A 
investigated steel] at room temperature, This 12° 


determination is carried out with the aid of 
the following experiment, 

Two sets of specimens, 8 mm in diameter, 
are subjected to cathodic polarization in an 
electrolyte under strictly defined conditions, 
Polarization time is one hour for the first 
test series and two hours for the second, It 
was established by parallel tests that 
specimens polarized for identical times show 
showed the same total hydrogen contents. The 
hydrogen-impregnated specimens (two for each 
measurement) were machined on a lathe to 
diameters of 6, 4 and 2.5 mm Two specimens 
were left in the unmachined condition. 
Measures were taken to prevent the specimens 
from becoming heated during the lathe work. 
In the cylinders prepared in this way, 
representing in their cross-sections portions 


TABLE 1 
Rydrogen content in specimens 


Polarization 
time (hr) 


Hydrogen content (ml.H, per 100 g of metal) , 
in specimens with dia. (mm) 


4 


0 


Va 
Par — Pyr' rn 
1 3.4 
2 48 1.3 


of the original 8 mm specimen, the hydrogem 
content was determined by the method of 
vacuum hot extraction, The same determina- 
tion was carried out also on the unmachined 
specimens, The mean values from two measure- 
ments of the hydrogen content in these 
specimens is shown in Table 1. 

The distribution of hydrogen over the 
specimen cross-sections calculated from the 
data of Table 1, is well described by the 
parabolae show in Fig.3. Curve 1 corres- 


Fig. 3. Distribution of hydrogen over the cross- 
section of steel specimens after saturation for 

1 hour (curve 1) and 2 hours (curve 2). 


ponds to polarization for one hour and curve 
2 for two hours. The equations of these 
parabolae are as follows: 


Curve 1 - C = -2.6 -— 0.73X2 
Curve 2-C= 1.1 -0.48Xx? 


where C is the hydrogen content in steel in 
ml./100 g of metal and X the distance from 
the axis of the specimen in mm. On the basis 
of the experimental data we calculate the 
mean rate of diffusion through a cylindrical 
surface (6 mm in dia.) imagined to be inside 
and coaxial] with the 8-mm specimen. The mean 
rate of diffusion is determined by equation 


4M M,— M, 
-- = 5 
P AtS %))S 


where p is the mean rate of diffusion, My and 
M, the quantities of hydrogen contained 
inside the cylinder considered after polariza- 
tion for times T, and T, respectively, and 
S the side surface of the cylinder. 

The total] quantity of hydrogen inside the 
cylinder is defined by equation 


Directional diffusion 


M =CV, 


where C is the mean relative hydrogen content 

in the metal inside the cylinder considered 

and V the volume of this cylinder. 
Substituting in equation (5) values of 

M determined from equation (6), we 

obtain 


(Cy — Cy) V 


It is found by computation that the mean 
rate of diffusion is equal to 5.7 x 10710 
g/cm? sec. Diffusion rates close to this 
value were obtained in work on armco-iron 
[8]. 

To determine the concentration gradient of 
hydrogen in the specimens, we differentiate 
equations (3) and (4) and obtain 


(9) 


Hence the mean value of the hydrogen concen- 
tration gradient will be 


(10) 


dx 


If X = 3, the mean concentration gradient 
will amount to 3.63 ml. H/100 g x mm or 


2.5 x 107% g/cm‘, 
Substituting in the general diffusion 


equation 


p=—D= (11) 


the values of p and as found by experiment 


and solving this equation with respect to D, 
it is found that the diffusion coefficient 
is equal to 2,3 x 1076 cm?/sec. 

We now determine the minimum width A of a 
crack which, for a deformation time of 60 sec, 
can be filled with hydrogen up to a pressure 
of 2500 atm by way of diffusion from solid 
solution grains adjoining the crack. 

To do this, we assume that the width of the 
crack is substantially less than its other two 
dimensions and that its walls are parallel to 
each other (Fig.4). We single out on the surface 
of the crack anarbitrary surface element of area 
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AS. Bearing in mind that the filling of the 
erack with hydrogen takes place on both sides, 
it is found that the rate of diffusion inside 
a volume element of the crack bounded by 


Diagram illustrating the filling of a 


Fig. 4. 
crack. 
areas AS and equa] to ASh will be equal to 
Ap =2D (12) 
x 
For a deformation time t there will diffuse 
into a volume element of the crack a quantity 
of hydrogen 
m= 2D{“) ase. (13) 
dx 
We shall assume that for time ¢ at the 
surface of the crack the hydrogen content in 
the solid solution is reduced to zero. Neg- 
lecting the non-linearity of the hydrogen 
distribution over the specimen cross-section, 
we assume that on the smal] length the hydro- 
gen content in the metal increases recti- 
linearly with the distance from the crack and 
attains its mean value for a given specimen 
at distance 1 from the crack. Then the 
quantity of hydrogen transferred during time 
t from the solid solution into the volume 
element of the crack is determined by equation 


equation 


m=clAS. (14) 


The mean value of the concentration gra- 
dient for hydrogen during time t will be 


(15) 


2 


Substituting this value of the gradient in 
equation (13), we obtain 


m= 4D ASt. (16) 


Eliminating | from equations (14) and (16), 
we determine the quantity of hydrogen trans- 
ferred into the volume element of the crack 
during time t 
m = 2cAS Dt. (17) 

To enable pressure P to arise in the 
incipient crack as a result of diffusion, the 
volume element of the crack bounded by areas 
4S on its surface should be equal to 


(18) 


where yw is the molecular weight of the gas, 
R the gas constant, and T the absolute tem- 


perature. 
Hence the width of the crack will be 


(19) 


Substituting in equation (19) the values nm 
from equation (17), we obtain 


(20) 


On the basis of a deformation time of 60 
sec and substituting this value of ¢ in 
equation (20) together with the values of c, 
D and P obtained by experiment, it is found 
that the width of the crack is equal to 0.6 x 
1075 cm, 

It ‘is calculated in [9] that the width of 
incipient cracks in the metal is of the order 
of 1 x 107* cm. Probably this width is less 
by 1-2 orders of magnitude. It is therefore 
reasonable to think that for a time of static 
deformation of the order of one minute a 
pressure of 2000-3000 atm can arise in 
incipient cracks, 

Taking into account that the rate of 
diffusion is higher in deformed than in 
undeformed metal [10] and that the time of 
deformation often exceeds 60 sec, it can be 
assumed that in incipient cracks at the very 
beginning of their propagation the pressure 
reaches values which are significantly higher 
than that calculated by us for a well- 
developed crack, 

The estimate calculation shows that direc- 
tional diffusion of hydrogen to microdefects 
in the structure during the time of plastic 
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deformation can be one of the causes of 
hydrogen embrittlement in steel. 


Translated by H, Nowottny 
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ON THE KINETICS OF REACTION DIFFUSION IM 
SYSTEMS WITH SOME INTERMEDIATE PHASES 
1. MACROSCOPIC CALCULATION FOR A 3INARY SYSTEM* 
V.I. ARKHAROV 
Institute of Physics of Metals of the Academy of Sciences, U.S.S.R. 
(Received 27 April 1959) 


The kinetics of reaction diffusion is considered in the steady state 
for a binary system with some intermediate phases when, on the bour- 
daries between layers of reaction products, chemical reactions are 
completed by phase transformation and the growth of one of the contact 
layers takes place not only on account of the quantity of componerts 
retained on a given boundary by opposed diffusion currents but also 


partly on account of the other layer. 


EXPOSITION 


The kinetics of reaction diffusion in a 
binary system containing one chemical compound 
was considered by Tammann and Rocha [1], and 


also (in greater detail) by Frenkel’ and 
Sergeev [2]. In these papers the problem was 
simplified by assumptions which are admissible 
only for a narrow range of special cases. 

The problem demands, therefore, to be con- 
sidered for more complex conditions. Ifa 
binary system made up from different substan- 
ces contains several chemical compounds 
(intermediate phases), then the zone, formed 
in such systems, of chemical reaction products 
(“scale”) through which diffusion takes place 
is found to be many-layered. 

Each layer consists of one phase and is 
characterized by particular values, which 
differ for the various layers, of partial 
diffusion coefficients of the components, 

The kinetics of the process of reaction 
diffusion in such a system is compl etely 
determined by the kinetics of the component 
processes, and in particular of the diffusion 
of each component across each layer and of 
the growth of each layer by means of chemical 
reactions on the boundaries of this layer, 

On which side a layer grows and whether an 
one side only or on both, at what rate and 


* Fiz. metal. metallov. 8, No.2, 193-204, 1959. 


how these rates of growth differ in the 
various layers — the solution to these prob- 
lems depends on the relation between the 
partial rates of diffusion in the two compo- 
nents of a layer and on the relation between 
the partial rates of diffusion in the various 
layers, 

The calculation of the kinetics of reaction 
diffusion is further complicated by the 
following fact. In the general case, in a 
chemical reaction at any intermediate boundary 
between the layers the quantity of components 
retained at this point by opposed diffusion 
currents may not correspond to the stoichio- 
metric composition of the phases in both 
contact layers, Therefore, a certain quantity 
of the substance of one of the contact layers 
is involved in the chemical reaction; 
accumul ation of the other layer will take 
place at this point not only on account of 
quantity of the components, which is suppl ied 
by diffusion, but partially on account of the 
neighbouring layer. 


GENERAL PICTURE OF REACTION DIFFUSION IN 
A BINARY SYSTEM WITH SOME 
INTERMEDIATE PHASES 


We shall consider the reaction diffusion in 
a binary system made up of Me and 0 components 
which may form (at the diffusion temperature) 
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a series of solid chemical compounds: 
Mem,On,, eee Men On, eee Mem 


We shall assume that (1) each of these 
compounds can show a small deviation from 
stoichiometric composition which allows 
diffusion of Me and O through a layer of any 
such phase, and (2) the solubility of O in Me 
and of Me in O is small and can be neglected 
in the calculations (this approximates our 
calculation to the case of reaction diffusion 
which is much more interesting in practice, 
when one of the components (Me) is a solid 
metal and the other (0) a chemically active 
gas; processes of gas corrosion and of 
chemico- thermal treatment of metals belong to 
this case). The component 0 will be called 
oxygen, 

We shall consider the process of reaction 
diffusion at the stage when scale has formed 
on the metal; the scale is made up of an 
accumulation of layers each consisting of one 
phase (with a concentration gradient for Me 
and O which is the maximum allowed by the 
limits of the deviation of the phase from 
stoichiometrical composition) and the order 
of phase distribution over the layers corres- 
ponds to the systematic change in the con- 
tents of components of the phase composition, 

We shall suppose that 


Ms 
ns 


(1) 


Ng nj nj 


ny 


In this way an order is established for 
numbering the layers of the scale, beginning 
with the layer next to the metal and ending 
with the external layer which is open to the 
action of the gas component, 

Thus we obviously have for the first 
component (Me) 


m, = 1, ny = 0, (1') 


and for the second 


Ms41=0, = 1. 


Considering the transit of the diffusion 
components across the boundary between the 
layers, we shall indicate these boundaries 
by a double index consisting of the number 
of layers which join at this boundary in the 
sequence which corresponds to the direction 


of the diffusion of the component considered, 

We introduce the following symbols of 
quantities considered for the time interval 
dt and for the unit area of surfaces of 
separation of the layers: 


dQMe_quantity of metal crossing the boundary 
01 between metal and scale; 

dQ°quantity of oxygen crossing the 
boundary s +1, s between the gas 
component and the scale (entering from 
the gas component into the adsoiption 
layer at the outer scale surface); 

dQ, M@_ quantity of metal transferred across 

boundary Ai and diffusing through the 
ith layer to its opposite boundary ij; 

dQ°-quantity of oxygen transferred across 
boundary ji and diffusing through the 
ith layer to its opposite boundary ih; 

dqM@_quantity of metal retained by chemical 
reaction at boundary ij during transit 
across this boundary; 

dq} ;—quant ity of oxygen retained by 
chemical reaction at boundary ji 
during transit across this boundary, 

According to these definitions one may 

write 


= dQ? = dg%. (2) 


This indicates absence of volatilization of 
metal from the scale into the gas component 
and of dissolution of hydrogen in the metal. 

Further, according to the meaning of the 
notation introduced 


i=s, j=s+1 j=-1, 


i=0, j=1 j=s+1, i=s 


= dQi"* —dgij*; dQ? = dQ? — 


For convenience of notation we shall assume 
from now on that the ratio between the atomic 
weight of Me and O is introduced by a factor 
in values of m, entering into all calculated 
formulae (apart from chemical symbols of 
phases Mey Ons 


DFTAILS OF INITIAL CONDITIONS FOR 
CALCULATING THE RATE OF GROWTH OF 
SCALE LAYERS AT THEIR BOUNDARIES 


The quantities of Me and O retained at the 
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boundary between the ith and jth layers by 
chemical reaction form new accumulations of 
some of these layers, depending on the extent 
to which the ratio between the quantities of 
components retained at this point approximates 
to the stoichiometric composition of the ith 
or jth layer. The following five different 
cases are then possible. 
dg 
(5a) 
ji t 


then the quantities of components retained at 
the given boundary form compound Me, 0,;> 
i.e. accumulation of the ith layer occurs. 


II. If 


M 


nj 


then compound Me, 0, is formed, i.e. 


accumulation of the ith layer occurs, 

If neither (5a) nor (5b) is satisfied, then 
one of two processes will occur: (1) either 
the retained quantities of Me and 0 will grow 
until stoichiometric composition of one of 
the two layers in contact at this point is 
reached by some portion of the substance of 
the second layer combining with these quan- 
tities, i.e, the first of the two given layers 
will grow not only on account of the quan- 
tities of Me and O retained at the boundary 
but partially also on account of the other 
layer, (2) or the retained quantities of Me 
and O will be so distributed as to form 
partly Me, 0, and partly Me, O, , i.e. both 
layers will grow. Thus the following three 
cases are possible, 

if 


(5c) 


then accumulation of the (deeper) ith layer 
will occur partly on account of the jth layer 
(which is closer to the external surface), 

Iv. If 


dg? nj 


<—, (5d) 


then accumulation of the jth layer will occur 
partly on account of the ith layer. 


VY. ‘If 


Me 
my. 


5e 
then accumulation of both layers will occur, 
In this case the distribution of Me and 0 
retained from the diffusion flow between both 
layers is described by relations 


where v, v’, w, w’ are regular fractions, and 


veo = 1; + w’ 


Me 


q; 
Introducing the notation = 


= we can 


U a . 
Tite 
1. 
Hence we obtain 


If Xis close to o, then v and w’ are close 
to unity and w and w’ close to zero, i.e. the 
jth layer accumulates principally, and the 
ith layer, if X is close to b. In case III 
diffusion of the metal from the interior 
towards the externa] surface of the scale 
predominates over diffusion of hydrogen from 
the outside into the scale interior, towards 
its boundary with the metal; in case IV the 
reverse occurs, diffusion of the hydrogen 
predominates over diffusion of the metal. 

We now set down the basic relations for the 
calculations of rates of growth of the layers 
in each of the five cases indicated. 

In case I the growth of the ith layer at 
the boundary ij is expressed by equation 

dgij® + dgji (6a) 
where Pp, is the density of the substance of 
the ith layer (Me, 0, ), and dx; is the 
increase in thicknéss'of the ith layer. On 
the other boundary of the ith layer (hi) 
there will be neither an increase nor a 
decrease of the ith layer. In this way the 
ith layer will grow only on one side, at its 


‘ig 
my w'dg? nj 
(5b) 
VO) 
4 a—b 19) 
| 
a—b a—b 
nj 
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‘‘external” boundary. In case I we have 
dQo = = 0; = 


In case II one-sided growth of the ith layer 
will occur, analogously, on its ‘‘internal”® 
boundary hi expressed by 


+ dg =p, (6b) 
For this case we have 


In case III it is necessary for the for- 
mation of the new accumulation of the ith 
layer at its boundary with the jth layer to 
add a certain quantity of the substance of 
the jth layer to the quantities of components 
which are retained at this point from the 
opposed diffusion flow, this addition 
contains a quantity of metal dee and a 
quantity of hydrogen d°. In this way, the 
accumulation of the ith layer at the boundary 
ij contains 


+ dai + de +. de? = p,dxi, (6c) 


where dx* is the increase in thickness of the 
ith layer at the boundary ij. 

At the boundary between the ith layer and 
the (deeper) hth layers a decrease in the 
thickness of the ith layer (dz +) will occur 
which is due to the addition of a portion of 
the substance of the ith layer to the new 
accumulation of the hth layer formed at the 
boundary hi. This decrease is expressed by 
relation 


+ dep = p, dx;. (7) 
The total] change in the thickness of the 
ith layer is 
dx, = —dx;+ dx;- (8) 


Thus the following relations will apply to 
the case eonsidered 


tdci (9) 


dgot+deO 


+ de? nj 


Me 
de i 


Oo 
de; 


+ de? =p dxp (7) 


where p. is the density of the substance of 
the jth layer and dx’ the decrease in the 
thickness of this layer at the boundary ij. 

We observe that in the case considered, 
#0) the first, i.e. the internal, layer 
of scale will grow on both of its boundaries; 
for its internal side, instead of a relation 
of type (7) the change occurring will be 


=dgor +dQ? =p, dx}, (11) 


and therefore 
dit gQ?. (13) 

P1 ny 
The magnitude of dx is found from general 
formulae of type (6c), (9), (10). In con- 
trast with the general expression (8), the 
general increase in the thickness of the 
first layer will be 


dx, = dx, + ax'. (14) 


For the change in thickness of the external 
(sth) layer of scale we obtain the relations 


+ + s =p,dx;,(15) 


and 
M 
dQ, 


ms 
and hence, from (15) and (16) 


ms +s dQ’. (17) 


Ps ms 


The magnitude of dx ¢ is found from general 
formulae of type (6c), (7), (9), (10), and of 
dx, from (8). 

In case IV for the change in thickness of 
the ith layer relations will apply which are 
similar to those obtained for case III, with 
this difference that growth occurs at the 
boundary hi and decrease, in favour of the 
next (jth) layer, at the boundary ij; the 
parts played by Me and O in this process are 
the reverse of those in case III. The first 
layer in case IV grows only on its internal 
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side (on the boundary with the metal), while 
the internal (sth) layer increases on both 
sides. The relationships between changes in 
thickness and quantities of components 
participating in the reactions are estab] ished 
by analogy with formulae (11)-(17). 

In case V we have a combination of the 
relations of type (6a) and (6b), with con- 
sideration of the details given by way of 
explanation of the description of case V, 
that is the growth of the ith layer at the 
boundaries tj and hi is expressed, respec- 
tively, by equations 


wi; +- = x; | 


Vp; Whi + Vin Gin = 2; dx;| 
Here the indices to coefficients v, v7’, w, w’ 
indicate the boundaries to which they relate, 


The general increase in thickness wil] be 


dx, = dx; + dx;- (8°) 


CALCULATION OF THE RATE OF GROWTH OF 
SCALE LAYERS FOR THE CASE THAT 
DIFFUSION OF THE METAL PRENDOMINATES 
OVER DIFFUSION OF THE GAS COMPONENT 


It is proposed to carry out the calculation 
of the kinetics of reaction diffusion for 
case III; the calculation for case IV can be 
made completely analogously by reversing the 
parts played by Me and 0; calculations for 
cases I and II offer no difficulty in view of 
the simplicity of the basic relation; for 
case V the calculation is similar to case III 
with this difference that relation (8 ) 
applies instead of (8). 

We observe that case III comprises gas 
corrosion of a number of metals (in particu- 
lar high-temperature oxidation of iron and 
many ferrous alloys) which are not resistant 
at high temperatures; consideration of case 
III will therefore have practical interest 
for the study of methods of combating 
corrosion, 

From equations (7), (9) and (10) it follows 
that 
Mm; + Nn; 


M 
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We introduce 


m; + Nj 
Mp, Nj — Np 


dx; = 4,(n, —m, din). 


From equations (6c), (9) and (10) it 
follows that 


dx; = 9, (n;dqij’ — m, dqji). 


Indicating the diffusion coefficients of Me 
and O through the substance of the kth layer 
by pe and D? respectively, the thickness of 
the kth layer by x,, and the drop in concen- 
tration at this thickness by AC,, we can 
write 

Me ppMedte no ley (24) 

AQx = Det dt; =: — dt. 


ak Xp 


We introduce the notations 


Hy = (np Dy + mz D2) Ace, (25) 


1) = 4; My — My Ny, 


m;nj— (26) 


Then from (8), (20), (23) and substituting 
(4) in (24), we obtain 


ax; Ah 4. (27) 


dt. Xp xj xj 


Taking into account (1’) and (1°), and also 
the equalities Ac) =0 and =0, we can 
see that at i = 1 the first term on the right- 
hand side of (27) becomes zero; at i= s the 
third term becomes zero. 

The solution to the problem of finding the 
time- dependence of the thickness of each 
layer presents, in a general form, great 
mathematical difficulties. Only for the 
simplest case of single-layer scale is the 
problem solved easily and we have 


Pi 
when 
pdx; == — mydg?) (21) 
We introduce notation 
Nn; 
Pi mM; nj—m; nj 
then 
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ax, 


= 


dt xX} my, ny (28) 
(n,D¥ + m,D9) 
1 


1 m+n, 


Hence 


=V H, = 
x,=a,Vie 


| 
) 


Py My ny, 


In other words, the well known parabolic law 
of growth is obtained. 

For double-layer scale the system of (27) is 
is represented in the form 


ax Bi Ae 


\ 
dt x oe | (30) 
dt Xo 


Hence, introducing the notation 


and 


we obtain 


H 2 


dx, Py Ay 
(34) 
dX, Pry H, 


If during the thickening of the layers the 
ratio between the rates of growth is kept 
constant for both layers 


2 » = const, (35) 
91 


then the growth of each layer follows a 
parabolic law 
x, 


Te + 
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and 
(37) 
For a three-layer scale, writing out analo- 


gously the system of equations (27) and 
introducing the notation 


11 12 1s —B, 73 — = Pins, (32°) 
we obtain 
Pin A, 
— Bats) $1 + + Bi Pe 
Pin Ae 
42% 391 re — (B1%5 — Ps 
at (ya¥2 — Bats) + + 
dXo Pint Ae 


+ + 1182032 


Pi Ay 


2 


If during the thickening of the layers the 
ratio between the rates of growth are kept 
constant for layers w.4 and w 1 (and con- 
sequently also Ws5)> then the growth of 
each layer in particular follows a parabolic 
law 


xX, =a Vi, ag VE; Xg=a,Vt 


— Bets) + + 
a, = (367) 
+ + 1182%s2 
& ga, —— + 7:23 (Bite — T1172) 
O32 


and 


35 
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The problem for a greater number of scale 
layers is solved by analogous treatment. 

In the more general case, it is in fact not 
possible to maintain constant ratios for the 
rate of growth of the layers, i.e. the magni- 
tudes of type w will depend on time. In this 
case we shall not find a parabolic, but some 
other law for the growth of the layers, 
depending on the form of function w(t). For 


instance, for two-layer scale at 
Pa 


(k being a constant) we obtain 


xj in (ia + | 


x? = Hi, 2 In + + Cy. | 


(38) 


For a three-layer scale, the position may be 
more complex: the ratios between the rates 
of growth of layers w,, and w 1 may be 
different functions of time. it is easily 
seen that, if they show simple proportiona- 
lity of time, logarithmic laws similar to 
(38) will apply for the growth of the layer. 

For the cases when the growth of the scale 
layers satisfies a parabolic law the rela- 
tionship between the kinetic coefficients a; 
and the diffusion coefficients is expressed 
by the following equation. 

For a two-layer/scale we obtain from (36) 
and (37) 


H, = + m,D2) Acy = 


a 
= 72 + a.8,) 


A, = m,D?) Ac, = 


+ 2,42). 


Similarly, for a three-layer scale we obtain 
from (36’) and (377) 


H, = + m,D?) Ac, = 
= [(yata — Bets) @, + 138,42 + 
2Priy 
H, = + m,D9) Ac, = 


+ + 118243] 


Hy =(ngD3* = 


11% gQ_ — (84. — 72) Qs. 


The kinetic coefficient a; can be deena 
experimentally from observations of the 
growth of scale layers, Since the expres- 
sions in letter notation remaining on the 
right-hand sides of (39) and (39’) are 
defined by stoichiometric indices, atomic 
weights of components and phase density 
values for the scale (i.e. they can first be 
calculated), the diffusion characteristics of 
scale layers H, in (39) and (39%) can be 
determined, 


SEPARATE DETERMINATION OF PARTIAL DIFFUSION 
COEFFICIENTS IN LAYERS OF SCALE 


More thorough experimental procedure allows 
separate determination of or and D° from 
kinetic data, For this purpose the method of 
inert markers must be used, that is macro- 
scopic particles of a chemically inactive 
substance (which does not take part in the 
reaction diffusion) are deposited in some 
form on the surface of the specimen before 
reaction diffusion sets in or at some stage 
during this diffusion, 

To start with, it is possible in this way 


to arrive at a determination of Df by studying 


the growth of the internal sub-layer of the 
first scale layer, i.e. measuring the 
magnitude dz ’)/dt. 

In many cases when diffusion of the metal 
predominates over diffusion of the second 
component (in particular, during high-tempera- 
ture oxidation of iron, during sulphiding of 


36 
a 
a 
a2 
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copper), the internal sub-layer of the first 
layer is clearly revealed in the macrosctruc- 
ture of the scale even without inert markers 
by the appearance of a specific brittleness 
which is due to more pronounced diffusion of 
of the metal outwards. 

dx, p° AC} 

a 


where Ac} is the drop in concentration at 
the thickness of the internal sub-layer., 
Here it is assumed that the diffusion coef- 
ficient of hydrogen through the phase 
Me,1,0,;, Which makes up the first layer of 
the scale, is identical for both of its sub- 
layers, 

From (40) we obtain 


ax 


1 


dt 


If Ac} is constant, then the growth of the 
internal sub-layer follows a parabolic law 


Ac} is also determined experimentally (for 
instance, by measuring the lattice constants 
of the phase Me,,0,; on both sides of the 
internal sub-layer separated from the scale 
during its preparation; see [3]). 
Substituting (41) in (25) at k = 1, we find 


Me A, m, 
a, Ac, 


ny Ac, ny 


H, is determined according to the first 
equation of the set of equations of type (39) 
or (397%). 

By supplying inert markers on the external 
surface of the scale formed and measuring the 
rate of their “growth” during the subsequent 
process of reaction diffusion, i.e. the 
magnitude dx%/dt, it is possible similarly to 
define ad from formulae (17) and (24) with 
consideration of (22) 


where Aes is the drop in concentration on 
that portion of the thickness of the external 
layer or scale x” which lies between the 
inert markers and the external surface, 
Since, on the internal side of the external 
layer during the reaction diffusion, the 
phase composing the external layer is trans- 
formed into the phase composing the layer of 
the lower level, the inert markers appear at 
a definite instant t = t; at the boundary 

(s, s#l); 


we therefore can put 


2 Acs 
Xs /t=ty 


] 
Bs Acs *\ dt 


If here x, and z¥ grow according to a para- 
bolic law 


x,=0,Vt x; =a, 


Mec asQ, 
(41°) 
Ac. is determined hy the width of the zone of 
homogeneous phase Me, 0, in the phase 
diagram of the Me-O sfstém at T of diffusion, 
a, and ay are determined experimentally. 


Substituting (41 ) in (25) at k = s, we find 


H, is expressed with the aid of an equation 
obtained completely analogously to (39) or 
(39’). By a completely analogous procedure 
it is possible to determine pve and D9 
separately for each intermediate layer. For 
this purpose, inert markers must be supplied 
to the external surface of the scale formed 
and the process of reaction diffusion must be 
continued up to the moment when the markers 
appear at the level of boundary ji. At this 
moment it is possible to begin the measure- 
ment of dx*/dt. Further determination is 
carried out just as for the sth layer. 
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“EFFECTIVE” COEFFICIENTS OF 
REACTION DIFFUSION 


The kinetics of reaction diffusion is 
usually characterized by the overall 
quantities of ‘‘gain” in a specimen (together 
with the scale) for diffusion time (Q°) and 
of ‘floss in weight” in the specimen after 
the scale is removed from it at the end of 
the test (QM), or by quantities dQMe/dt and 
dQ°/dt, where dQM& and aQ° are determined by 
equations (3). 

If the total] drop in concentration over 
the entire scale thickness x is indicated by 
Ac, then the ‘‘effective” partial coefficients 
of reaction diffusion and can be 
proposed for consideration according to equations 


If the entire scale in general and each 
layer in particular grow according to a 
parabolic law, then 


x =aVt, 


= Q = Vt. 


(46) 


Total scale weight amounts to 


= 


i=] 


(47) 


Ac Me 


Substituting here expressions a, according 
to (36) or (36%), we obtain a relation 
between the partial diffusion coefficients 
of Me and O in the separate scale layers and 
the effective coefficients of diffusion, In 


particular, for double-layer scale 
Pa Y2 + 


+ 


l 
rr) 


Me O 
t+ 
aV2 Pi eff eff 


= 


Translated by H. Nowottny 
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ALLOY DEFORMED 


STUDY OF A NICKEL-CHROMIUM-ALUMINIUM-T ITANIUM 
IN THE QUENCHED CONDITION* 

V.G. CHERNYI 
Institute of Metal Physics of the Academy of Sciences, U.S.S.R. 
(Received 6 March 1958) 


In a previous work [1] the changes have been studied which occur 


in the fine crystal structure during the decomposition of the 
super-saturated solid solution of Ni-Cr-Al-Ti (an alloy of type 


£1437). 


TEST MATERIAL AND METHODS USED 


An investigation was carried out on 
specimens of a nickel-chromium-al uminium- 
titanium alloy of the following composition: 
0.035% C, 19.55% Cr, 2.38% Ti, 0.59 Al, 
remainder Ni. Cylinders, 0.5 mm in dia. and 
15 mm high, were cut from rod obtained after 
melting and forging; the cylinders were then 
homogenized for 20 hr at a temperature of 
1100°C. After homogenization the specimens 
were heated for the quench treatment up to 
1080°C, held at this temperature for half an 
hour and cooled in water, The as-quenched 
cylinders were subjected to 80 per cent 
reduction by uniaxial compression, From the 
deformed disks thus obtained specimens were 
prepared for x-ray study, electrolytic 
dissolution and hardness measurements. 

To obtain the dimensions required for the 
tests, the speeimens were prepared by 
etching and polishing after a final heat 
treatment (heating at temperatures between 
500 and 950°C). 

The work was concerned with the investiga- 
tion of: 

1. the condition of the intermetallic phase 
precipitated during the decomposition of the 
alloy; 

2. the fine crystalline structure of the 
basic solid solution (lattice distortions 
of the second type and dimensions of zones 
of coherent scattering of x-rays); 


The present paper gives data on the influence of plastic. 
deformation on the ageing of this alloy. 


3. the change in the lattice constant of 
the basic solid solution during heating; 

4. hardness, 

The second phase precipitating in the 
decomposition of the alloy was studied in 
powders obtained by electrolytic dissolution 
(1). The dimensions of blocks* of inter- 
metallic phase, lattice constants, magnitude 
of distortions of the second type and dimen- 
sions of mosaic blocks of the basic solid 
solution were determined by x-ray study, as 
described in the previous paper [1]. The 
x-ray patterns were obtained in cameras with 
57.2 and 150 mm drum diameters on electron 
tubes with Kq copper radiation, 

Kardness was measured on a diamond-cone 
Rockwell machine under 60 kg load (scale 
A). 


EXPERIMENTAL RESULTS 


Analysis of the x-ray patterns for powders 
ob tained by anodic dissolution from specimens 
heated each for 4 hr at temperatures of 
550-850°C and for different times at 700°C 
showed that in all cases the intermetallic 
phase precipitating in the decomposition of 
the deformed alloy was face-centred cubic. 
This intermetallic phase which corresponds to 
the formula Ni, (Al, Ti) is customarily 
called the a’-phase [2, 3]. 


* Fiz. metal. metalloved. 8, No.2, 205-210, 1959. 


* The regions scattering x-rays coherently. 
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The results of the investigation are shown 
graphically in Figs. 1 and 2. 


200 300 500 100 B00 


Fig. 1. Hardness Fry distortion of second type 


Aa/a, dimensions of mosaic blocks D,,)..., 
lattice constant a’of the solid solution, and 
dimension of regions of coherent scatter of @’ 
phase D , Plotted against heating temperature, 
for the alloy deformed in the quenched condition. 


The curves in Fig. 1 show the changes, 
which occur when the deformed alloy is heated, 
in lattice distortions of the second type, 


dimensions of the zones of coherent scattering, 


lattice constant, hardness and dimensions of 
intermetallic phase. The changes in the 
dimensions of blocks of the precipitated 
phase and in hardness as a function of 
heating time at 700°C are shown in Fig. 2. 
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Fig. 2. Dimensions of regions of coherent scatter 
a’ phase Doh and hardness Hp, plotted against 


holding time at 700°C, for the alloy deformed in 
the quenched condition. 


EVALUATION OF RESULTS 


Fig. 3 gives the curves for the change in 
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Fig. 3. Change in the dimensions of regions of 
coherent scatter of the a’-phase during heating 
for the as-quenched alloy and the alloy deformed 
after quenching. 

1. As-quenched alloy, 2. Deformed alloy. 

the size of a-phase blocks as a function of 
heating temperature in the deformed and in 
the as-quenched alloys [1]. In the deformed 
alloy the second phase appears after heating 
at lower temperatures compared with the 
as-quenched alloy, Thus, in the alloy which 
was deformed after quenching the a’-phase was 
observed at 550°C, and the size of its blocks 
was in this case higher than in the as- 
quenched alloy after heating at 700°C (for 
the alloy deformed at 550°C D = 1.1 x 107%cm 
and for the alloy quenched from 700°C 

D= 0.53 x 107% cm). 

A difference is observed in the character 
of the change with increasing temperature for 
blocks of the N, (Al, Ti) phase, In the as- 
quenched alloy the blocks increase in size 
constantly as the temperature rises from 700 
to 850°C, In the deformed alloy they remain 
practically unchanged at first at tempera- 
tures of 550-700°C, whereas they show the 
same intensive growth as in the as-quenched 
alloy in the same temperature range (750- 
(750-850°C), 

The lattice constant of the intermetallic 
phase precipitated from the deformed alloy is 
the same as in the as-quenched alloy, that 
is, it is equal to 3.584A. 

Considering the character of the change in 
the magnitude of the a@’-phase blocks after 
the specimens were heated in the range of 
550-750°C, we can imagine that the alloy 
experienced decomposition resulting in the 
separation of an intermetallic phase appa- 
rently even during the deformation. The 
fact that the a’-phase was not observed after 
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the deformation of the alloy can hardly serve 
as a proof of its absence; it is more likely 
that it points to a shortcoming of the method 
of anodic dissolution. The results of the 
work of Zakharova [4] are in favour of the 
idea that the alloy is decomposed under the 
action of deformation, 

It was shown in this work [4] that the 
lattice constant in the quenched Al-Si solid 
solution was changed substantially after 
deformation (decomposition took place) and 
that it remained constant subsequently during 
heating up to a definite temperature. Another 
change in the lattice constant was observed 
after heating at those temperatures at which 
the lattice constant of the as-quenched alloy 
was changed likewise. The a’-phase blocks of 
the Ni-Cr-Al-Ti alloy deformed after quench- 
ing change in a similar manner, 

As the dimensions of the a’-phase blocks 
are greater in the alloy deformed after 
quenching than in the as-quenched alloy at 
identical temperatures, and as the presence 
of the second phase is observed in the 
deformed alloy at lower temperatures, a 
conclusion may be drawn as to the accelera- 
ting effect of deformation on decomposition. 
More intensive decomposition of the deformed 
alloy is also indicated by the change in its 
lattice constant during heating (Fig. 4): 
during the ageing of the alloy deformed after 
quenching the change in the lattice constant 
of the solid solution is substantially more 
pronounced than during the ageing of the 
as-quenched alloy. 
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Fig. 4. Change of lattice constant as a function 
of heating temperature for an as-quenched alloy 
and an alloy deformed in the quenched condition. 
1. As-quenched alloy; 2. Deformed alloy. 


When the alloy deformed after quenching was 
heated at 700°C, the a’-phase was observed 


after shorter holding times compared with the 
as-quenched alloy (Fig.5). Thus, in the 
deformed alloy the presence of the a@’-phase 
was observed after a holding time of 2% min 
(compared with 4 hr for the ws-quenched alloy) 
and the size of the particles of the a-phase 
changed appreciably less with longer heating 
times, Whereas in the as-quenched alloy, 
when the holding time is increased, the 
second-phase blocks more than double in size, 
their growth is insignificant in the deformed 
alloy - from 1.1 x 1075 cm after 25 min of 
heating to 1.5 x 1075 cm after heating for 

25 hr. It is characteristic that, for 
identical holding times at 700°C, the size of 
the blocks of intermetallic phase is greater 
in the deformed than in the as-quenched alloy 
(see Fig.5). 

Comparison of the data on the change in the 
size of the a’-phase blocks at 700°C for the 
as-quenched and for the deformed alloy, and 
also comparison of the temperature dependence 
of the growth of the blocks show clearly that 
decomposition is considerably more intense in 
the deformed alloy. 

The results presented in Figs. 1 and 2 
indicate the consequences of plastic deforma- 
tion of the quenched alloy and the manner in 
which some of its properties change during 
heating. 

As a result of deformation considerable 
distortions of the second type Z\a/a = 
= 2.9 x 1073 arise in the alloy (in the 
quenched alloy, distortions are practically 
absent) and its blocks are changed. It has 
already been pointed out that in all proba- 
bility deformations produce decomposition with 
separation of an intermetallic phase. Also 
the hardness of the alloy is increased after 
deformation, Hr, = 72 (for the quenched 
condition the figure is 51.3). As a rule, 
static distortions in the lattice of a solid 
solution are increased during deformation 
(5, 6]. 

The present investigation as well as the 
data of other authors on the influence of 
plastic deformation on properties in 
materials [5, 6] lead to the conclusion that 
the increase in strength (hardness) during 
the deformation of a quenched alloy is due, 
firstly, to the formation of submicro- 
inhomogeneities in the structure of the solid 
solution and, secondly, probably to the 
separation of the intermetallic phase, 
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Change in the dimensions of regions of coherent 


scatter of the a@’-phase as a function of heating times 
at a temperature of 700°C for an as-quenched alloy and 
an alloy deformed in the quenched condition. 


When the alloy deformed in the quenched 
condition has been heated at 600-700°C, a 
further increase in hardness is observed (see 
Fig.1). In this temperature range, distor- 
tions of the second type are removed rapidly 
and a large quantity of second phase is 
separated out. Blocks of the solid solution 
are not changed in the temperature range of 
the increase in hardness, Possibly at these 
temperatures (by analogy with the tas-quenched 
alloy [7}) some increase in dynamical] distor- 
tions occurs because of the transfer of 
alloying elements from the basic solid 
solution to the a’-phase, 

At 600-700°C there is hardly any increase 
in static distortions. This can be explained 
in the following way. The static distortions 
in the deformed alloy are large and it is 
therefore probable that they will be further 
increased during the precipitation of the 


second phase. However, if V wz, will also 


increase, this occurs only in the initial 
stages of decomposition [7] which take place 
in the deformed alloy, in any case below 
550°C. 

Thus the conclusion may be drawn that the 
hardness of the deformed alloy after heating 
at 60-700°C is increased only because of 
the precipitation of a large quantity of 
highly dispersed intermetallic phase (at 
these temperatures considerably more a ‘phase 
is precipitated than after heating at 
550-600°C). This conclusion is arrived at 
from results obtained when the alloy proper- 
ties were studied after various holding times 
at 700°C. On x-ray patterns of specimens 
heated for 10 and more hours at this tem 
perature, the ratio of the width of lines 


—5)) is less than the ratio of the secants 


Brit) 


of the reflection angles of these lines; 
this indicates that distortions of the second 
type are almost completely absent. The 
hardness of the alloy is not decreased after 
a holding time of 25 hr, 

The relationship between the increase in 
hardness and any changes in the structure is 
discussed in the previous paper [1]. 
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Fig. 6. Change in hardness during heating for an 
alloy in the as-quenched condition and an alloy 
deformed after quenching. 

1. As-quenched alloy; 2. Deformed alloy. 


Comparison of the hardness curves for the 
as-quenched alloy and for the alloy deformed 
in the quenched condition (Fig.6) shows that 
the hardness of the deformed alloy is in all 
cases, even at 700-950°C, higher than that of 
the as-quenched alloy. In [8] it was found 
that the strength properties of the work- 
hardened ( § = 10%) alloy E1437A were higher 
than when this alloy was not work-hardened, 
even directly at the elevated temperatures, 

It would seem that the greater hardness of 
the deformed alloy compared with the as- 
quenched alloy after heating at 700-950°C 
can be explained by the following facts. 
Firstly, in the deformed alloy the deconmpo- 
sition is more complete and also a larger 
quantity of intermetallic phase is precipi- 
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tated (this is indicated by the change in the 
lattice constant of the solid solution during 
decomposition (see Fig.4) ). Secondly, the 
dimensions of the blocks of solid solution are 
smaller in the deformed than in the as- 
quenched alloy. Thirdly, the static distor- 
tions in the lattice of the deformed alloy 
must be assumed to be higher even after 
heating at 700°C and above than the distor- 
tions in the as-quenched ailoy. 

In conclusion, we once again consider the 
reasons for the increase in hardness during 
deformation and ageing. Comparison shows 
that, with different methods of hardening, 
the mechanical properties of an alloy of type 
E1437 change under the action of various 
factors. Thus, if the increase in hardness 
during plastic deformation is mainly due to 
the occurrence of considerable distortions of 
the second type (and apparently also of the 
third type [5,6]) and to refinement of the 
mosaic blocks, then the increase in hardness 
during the ageing of the as-quenched alloy 
takes place as a result of the precipitation 
of a large quantity of highly dispersed 
secondary phase and is not connected with the 
occurrence of lattice distortions and the 


change in the dimensions of blocks of basic 


solid solution. The data obtained in the 
investigation of the alloy deformed in the 
quenched condition are even more instructive, 
Hardness increases during deformation mainly 
as a result of the occurrence of lattice 
distortions and of the breaking-down of the 
solid-solution blocks, The increase in 
hardening observed after heating at 600-700°C 
in the deformed alloy is associated only with 
the precipitation of intermetallic phase. 

The fact that in both cases a submicro- 
inhomogeneous structure is formed in the 
material is common to both types of hardening. 
This impedes the flow of plastic deformation 
and naturally leads to improved mechanical 
properties, 


CONCLUSIONS 


1. In the decomposition of a Ni-Cr-Al-Ti 
alloy deformed in the quenched condition, an 
intermetallic phase with face-centred cubic 
lattice is precipitated in the temperature 
range studied. The lattice constant of the 


intermetallide is greater than that of the 
basic solid solution, 

2 Plastic deformation accelerates the 
decomposition of the alloy: the presence of 
the a-phase in the deformed alloy is 
observed at a lower temperature than in the 
as-quenched alloy. The change of its lattice 
constant also points to a more complete 
decomposition in the deformed alloy. 

3. The increase in hardness during defor- 
mation of the as-quenched alloy is due to the 
formation of a submicro-inhomogeneous 
structure (occurrence of lattice distortions 
of the second and third types and breaking- 
down of the blocks) in the basic solid 
solution and possibly in the second-phase 
precipitate, 

4, The increase in the hardness of the 
alloy deformed in the quenched condition 
after heating in the temperature range of 
600-700°C is apparently due to the 
precipitation of a large quantity of highly 
dispersed second phase and is not connected 
with a change in the megnitude of distortions 
of the second type and in the dimensions of 
the blocks of basic solid solution, 


Translated by H. Nowottny 
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STRUCTURE OF THE ENERGY SPECTRUM OF 
ELECTRONS IN Fe-Cr- AND Fe-Cr-Ni ALLOYS* 
N.D. BORISOV and V.V. NEMOSHKALENKO 
Institute of Metal Physics of the Academy of Sciences, U.S.S.R. 
(Received 6 March 1958) 


The changes are studied which occur in the structure of the energy spectrum 
of electrons of the ‘‘outer” energy bands in an Fe-Cr alloy when the chromium 


alloy component is partly replaced by nickel. 


A good deal of experimental data on the 
structure of the energy spectrum of electrons 
in iron-chromium alloys has by now accumulated 
[1]. However, since alloys with large 
chromium contents are always brittle and show 
poor workability, it is of special interest 
to consider the set of problems dealing with 
the addition of a third component to iron- 
chromium alloys, to improve their technol ogi- 
cal properties without lowering their strength 
at elevated temperatures, 

The present work has been undertaken with a 
view to determining the typical changes which 
occur in the structure of the energy spectrum 
of the electrons, when the chromium component 
is partly replaced by nickel in an iron- 
chromium alloy on an iron basis, The 
materials adopted for the investigation were 
(electrolytic) chromium, iron and nickel of 
high purity, and the following alloys were 
prepared from them: Fe-Cr (55% Fe) and 
Fe-Cr-Ni (58.4% Fe and 15.4% Ni). 

The work was carried out on a high-intensity 
x-ray spectrograph having a radius of curva- 
ture of the quartz crystal (prism face) of 
500 mm [2]. The method used is similar to 
that described in [1]. 

1. The investigation was directed to the 
Kz, -lines of chromium, iron and nickel, due 
to the transfer of electrons from the 
conductivity band to the K-level, in 
combination with the short-wave K,’-satellite, 
and the Kg,-lines of the same elements due 
to the transfer of electrons from the 3p- 
layer to the K-level in combination with the 
long-wave Kge-satellite. The above spectrum 
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lines were obtained at 1000°C from pure 
chromium, iron and nickel and from the Fe-Cr 
and Fe-Cr-Ni alloys, The lines of the Kg- 
group for iron and nickel were obtained in 
the fourth, and for chromium in the third 
order of reflection. Scatter in the 
specified ranges of the spectrum amounted to 
3.88 XE/mm for Cr, 2,44 XE/mm for Fe and 
3.03 XE/mm for Ni, 

In Table 1 calculated data are listed 
concerning the wavelengths and energy values 
in Rydberg of the maxima of lines of the Kg- 
group for chromium, iron and nickel, as 
determined on the basis of spectrographic 
measurements, 

Figs, 1, 2 and 3 show the microspectro- 
graphs of Kg,-lines for chromium, iron and 
nickel, obtained at a temperature of 1000°C 
from the pure metals, It is seen in the 
figures that only in the case of the Kg,-band 
is the shortwave branch free from super- 
position of the Kg-satellite and can be 
considered in the pure form, For iron the 
Kgw-satellite is clearly super-imposed on 
the shortwave branch of the Kg,-band. 
Finally, complete superposition of the two 
Ke" and K» -satellites on the Kg,-band is 
observed in nickel. 

In the present work, for the determination 
of the width of the FeXg,-band the complex 
contour was decomposed into its component 
parts by a method described previously [1]. 
The width of the Ag,-band was determined as 
the sum of two components T=T7,-+7>, where 
T, is the width of the shortwave branch, 
measured on the side of maximum intensity, 
and T, calculated from formula 
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(1) 


The value obtained for the width of the 
where Y2n is the width of the long-wave Kg,-band was corrected for the band-widening 


branch of the Kg,-band, measured at different due to the final width cf the K-level of the 
sections of its contour, at chromium and iron atoms (a) and for the angle 


TABLE I 
Wavelength and energy values of K,-lines for chromium, iron and nickel 


Specimen 
Metal Line Source temperature 
studied symbol fof data (°C) XE 


CrK,., 2061 . 40 


CrKg, 2065.53 


Chromium 


CrKg, 2080.60 


Fek 1738.69 


F 
Ko 


F 
eK, 


NIK 148410 


1740 


Tabulated 


1752 .99 


1485 .3C 


1497 .08 


2060.90 


2066.57 


Chromium 70C0— 1000 


2080, 52 


1738.10 


300—850 1740.48 


1752.98 


1738.09 


Exper imental 


1740, 38 


1752 ,98 


1485.50 


1485.55 


1497.08 


2061.10 


2066 .81 


2080 


45 
Ye Imax Smax 
437.98 
524.14 
519.84 | 
614,03 
Nickel Nik, 613.52 
608.70 
442.15 
440,96 
Fek,., 524.29 
Fek,. 523.57 
Iron 519.84 
Fek,, 524.33 
613.85 
Nickel een 1000 613.42 
CrK,, 442.13 


46 Energy spectrum of electrons 


TABLE I (contd.) 


Metal Line source Specimen 
l temperature 
studied symbol |0 a (°C) XE v/R 
FeK 1737 .60 524.44 
Alloy 
Fe-Cr Fek, 1740.47 523.58 
cont. 
FeK, 1752.97 519,85 
CrK 2061 .50 442,03 
Crk, 2066.95 440.88 
CrK, 2080.52 438,00 
1737 90 524.34 
Alloy Fek 1000 1740.55 523.55 
Fe-Cr-Ni Bs 
FeK, 1752.98 519.84 
1 
Ni 
iK, 
Nik, 1485.52 613,43 
5 
Nik, 1497 .08 


of incidence of the rays on the photographic 
film (b). The values of these corrections 


are shown in Table 2, 


The corrected value for the width of the 


Kg,-band was admitted for T 


max 


= (E 


max 


i.e. the maximum kinetic energy of the 


electrons in the outer energy band, 


Table 3 gives the comparative calculated 


Fig. 1. Crk; -band taken from pure chromium at 
a temperature of 1000°C. 


E,), 


data for qT), T, and Tax Of the width of the 
Kg,-bands for chromium and iron, taken from 
both the pure metals and the Fe-Cr and Fe-Cr- 
Ni alloys, and the Fermi and base energies of 
their 3d-bands (in Rydberg). The values of 
these energies for chromium, iron and nickel 
in pure metals and in the Fe-Cr and Fe-Cr-Ni 
alloys were calculated according to the data 


Fig. 2. FeK,. -band taken from pure iron at a 
temperature of 1000°C 
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Fig: 3. Ni Kg -band taken from pure nickel at a 
temperature of 1000°C 


of Table 1 and the data for the width of the 
K;,-bands shown in Table 3. 
of the K-level of chromium, iron and nickel 
atoms the following values were admitted: 

441.10 and 613.64 Rydberg. 


TABLE 2 


For the energy 


Corrections for widening of the band 


Correct ion 


Material studied 


Iron 


Chromium 


1.8 
0.09 
1.89 


1.7 
0.13 
1.83 


It is clear from the data shown in Tables 1 
and 3 that the width of the CrKg,-band 
obtained from pure chromium increases as the 
temperature rises. For iron in the magnetic 
transformation region during transi- 
tion, the width of the FeKs,-band shows a 
definite increase of 0.9 + 0.1 eV. The 
position of the maximum of the [cKg,-line 
remains unchanged, 

The a-> 7; phase transformation produces an 
insignificant reduction in the width of the 
FeKg,-band and is accompanied by a consider- 
able change in Fermi energy from 0, 20 Rydberg 
for Fe q to 0.17 Rydberg for Fey. 

The width of the CrX¢,,-band is increased 
when chromium is introduced into the alloy 
and attains a higher value for the Fe-Cr alloy 
compared with the Fe-Cr-Ni alloy; for iron, 
on the other hand, the corresponding value is 
decreased and reaches a lower value in the 
Fe-Cr alloy. 

The Fermi energy for the Fe-Cr alloy amounts 
to 0.19 and for the Fe-Cr-Ni alloy to 0.22 v/R. 

Phase transformation in pure iron, and also 
the introduction of chromium, iron and nickel 
in the alloy produces a marked change in the 
position of the maxima of the Kg-satellites 
for chromium, iron and nickel and a notice- 
able change in the relative intensities of 
the Ks, and Kgn-lines, Thus, for pure 
chromium SK Q./SKR”amounts to 13.4 while for 
the alloy it drops to 6.0. For iron the 
magnitude of this éffect is markedly less, 


TABLE 3 


Object studied 


Specimen 


T ig, (eV) 


temperature 
(°C) 


Tmax 


Chromium 


8,5 8,4 


8,9 8,8 


10,1 10,C 


Hukenb 


1069 


Fe in Fe-Cr alloy 


1000 


Cr in Fe-Cr allor 


Fe in Fe-Cr-Ni alloy 
Cr in Fe-Cr-Ni alloy 100G 0,22 
Ni in Fe-Cr-Ni alloy 


Mik, 
Mikey | 
VOL. 
1959 
b 
a+b 
700 
0.79 
650 10,0 0,94 
1,8 10,6 10,6 0,92 
0,82 
0,96 | 
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the corresponding figures being 4.0 and 3.1. REFERENCES 
It is, however, difficult to study the 
K,rr satel lites because of their low inten- 
sity. 

The position of the maximum of the Xg,-lines 


remains unchanged in all cases, 


1. N.D. Borisov, V.V. Nemoshkalenko and 
A.M. Fefer, Izv. Akad. nauk SSSR, Physics 


series, 21, No.10, 1424 (1957). 
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ON THE PROBLEM OF THE INFLUENCE OF ALLOYING ON THE 
KINETICS OF PEARLITIC TRANSFORMAT | ON* 
L.N. ALEKSANDROV and B. Ia. LYUBOV 


Mordovian State University, Institute of Metallography and 
Physics of Metals TsNIIChM 


(14th July 1958) 


The influence of alloying on the kinetics of pearlitic transforma- 
tion is explained on the basis of an analysis of the equations of 
kinetic curves calculated for the cases when the process is limited 
by (a) the rate of polymorphous ; — «a transformation, (b) the rate 
of diffusion of carbon, and (c) the rate of diffusion of the alloy- 
ing elements. During alloying the principal influence on the 
kinetics of pearlitic transformation is shown by the change in the 


difference between the values of the activation energy for the 
Y > «transformation and of the activation energy for carbon 


diffusion. 


For the majority of alloy steels the process determining the 
kinetics of pearlitic transformation is the re-ordering of the 
lattice Fe; — Fez, whereas for unalloyed and low-alloy steels the 
determining process is the carbon diffusion, and for some alloy 
steels (for instance molybdenum steels) the diffusion of the alloy- 


ing element. 


The kinetics of pearlitic transformation in 
alloyed austenite has been discussed at length 
in previous work [1-4] and different opinions 
are held about the reasons for the influence 
of alloying elements on the kinetics of pear- 
litic transformation. 

Pearlitic transformation is a basic process 
in hypoeutectoid and hypereutectoid as well 
as eutectoid steels, since the excess ferrite 
(or cementite) separated during the first 
stages of transformation leads to a eutectoid 
composition being attained in the alloy. 

Transformation in a smal] portion (5 per 
cent) of austenite of hypoeutectoid composi- 
tion, for which it is still possible to 
consider that decomposition is limited by 
separation of ferrite, is considered in [5]. 
Further transformation in austenite is eutec- 
toid. We shall estimate the time of complete 
transformation in a sufficiently large 
portion 7 of the initial austenite from the 
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time of pearlitic transformation in a given 
volume Vos The volume of new phase V(t) for 
the phase transformation taking place in time 
t is described by expression [6] 


t 


where I is the rate of formation of nuclei of 
the new phase (the number of nuclei per unit 
volume in unit time), and f, the volume of 
the growing nucleus of the new phase, 

In conditions of isothermal decomposition, 
neglecting the time-dependence of IJ and 
taking into account the constancy of the 
lateral growth rate v for pearlitic grain, we 
find from equation (1) in the case of pear- 
litic transformation 


(2) 


For the kinetic curve of pearlitic transfor- 
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mation in steel we obtain 


t — 7) Ma (3) 
nr 


To explain the influence of alloying 
elements on the kinetics of pearlitic 
transformation, it is necessary to elucidate 
the dependence of quantities of J and v on 
the concentration of the alloying additions 
and the temperature of transformation T. 

According to the prevailing ideas mo the 
mechanism of pearlitic transformation, the 
growth of pearlite takes place either without 
prior diffusion of the alloying elements in 
austenite or is directly associated with 
their redistribution. In the first case, 
there is formed during eutectoid decomposition 
a two-phase lamellar structure of period s, 
consisting of ferrite and cementite 
containing an addition quantity which differs 
little from that in the initial austenite. 
The centres of the new phase are nuclei of 
cementite Fe,C. In the second case, the 
lamellar structure formed consists of ferrite 
and carbide, and the centres of the phase 
will be carbide nuclei, for instance of type 
(FeMe) 5C or (FeMe) ,C. The nucleation rate 
of the new phase can in both cases be deter- 
mined from formula [7]. 


U 
Uo 
where 
W Ser = 4np? ; 
mol 
Pxp AF, ’ Us om ’ 


here W is the work of formation of a critical 
nucleus, AF, the change in free energy during 
formation of a wit volume of the new phase, 

o the surface tension at the interphase 
boundary, and U the activation energy for the 
process of re-ordering the austenite into the 
cementite lattice (or the carbide lattice, if 
the second case occurs). 

The value of a is determined by the type of 
solid solution and varies between 1 and 10. 
For steels one can put &@ ~ up — the specific 
volume (7 cm?/mol), The rate of lateral 


growth of pearlitic grain, that is the rate 


at which the edges of the ferrite and cemen- 
tite (or carbide) blocks, which form the 
alloyed pearlite, move forward into the 
original alloyed austenite, is determined by 
the rate of the slowest of the processes 
necessary for the formation of pearlite, In 
the case that a ferrite-cementite structure 
is formed, such processes are the re-ordering 
of the iron lattice and the diffusion of 
carbon in the alloyed austenite, which leads 
to a change in its distribution from uniform 
c, in the initial phase to 0.04 per cent in 
the ferrite and 6.67 per cent in the cementite 
blocks, With immediate formation of a 
ferrite-carbide structure, there should, 
apart from re-ordering of the iron lattice 
and of carbon diffusion, also occur diffusion 
of the alloying element leading to a high 
concentration of this element in the carbide. 

We shall estimate the rate of growth of 
pearlite grain which results from each of 
these processes, For the rate of growth of 
the nucleus of the new phase, which is 
accomplished by re-ordering of the solid 
solution lattice, a general equation was 
obtained in [8] 


dn n* — 

(6) 
where AF is the change in the free energy 
of the system during the formation of a 
nucleus of the new phase containing n 
particles, and n* the number of atoms on the 
surface of the nucleus, 

In view of the fact that the edges of the 
ferrite and cementite regions are displaced 
at a uniform rate, it will be sufficient to 
consider the moving front of one of them. 

We shall consider a region of the austenite- 
pearlite boundary, neglecting the curvature 
of the surface, at the ferrite front with an 
area of acm?, If the pearlite front is 
displaced in the direction OX, then dx/dt 
defines the rate at which it moves and dz/dt 
a the increase in the volume of ferrite in 
unit time, To pass in equation (5) from the 
number of atoms of the new phase to its 
volume, that is to the volume of the ferrite 
formed, we divide n by the Avogadro number N 
and multiply by the value of specific volume 
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correspondingly 


dA AF, Uo 
= ’ 
dn N 


where d is the diameter of the iron atom. 
Omitting the minus signs for the change in 
free energy, we obtain from (5) for the rate 
of growth of pearlitic grain (U = Nu) 


U 
dt thd? N 


From equation (€) the rate of growth of 
pearlitic grain during transformation can be 
calculated directly for eutectoid unalloyed 
and any alloy steel, so that, in contrast 
with previously proposed 4,9] equations for 
the rate of growth of pearlitic grain, (6) 
contains no empirical constants determined 
from experimental values of this rate, 

In equation (6) the value of iF, in 
determined by the change in free energy and 
of U by the activation energy of transforma- 
tion Fey —~ Fea. Clearly, the transformation 
Fey — Fe;C has its own energy of activa- 
tion. However, the regular and continuous 
growth of the pearlitic front bears witness 
to the closeness of the values of these 
energies and the difference in them can be 
neglected to a first approximation. Ina 
more rigorous analysis, especially in the 
case of formation of special carbides, the 
values of quantities U in equations (4) and 
(6) should be distinguished, bearing in mind 
that the rate of growth will be limited by a 
slower re-ordering corresponding to the 
higher activation energy (transformation 
Fey — Fea during the formation of the 
ferrite-carbide mixture). 

In [5} the activation energy of the y > 2 
transformation in steel containing 0.5% C was 
put at 35 kcal/mol. In eutectoid steel the 
increase in the carbon camtent (0. 8%C) 
decreases the lattice binding energy for iron 
according to the law [10]* 


U =U, (1—0,4C,%), 


alloying can considerably increase U not only 
as a result of the increase of binding forces 
in Y-iron during the introduction of alloy- 
ing elements but also as a result of the 
reduction of the carbon content in eutectoid 
alloy steel. A decrease of U during alloying 
is also possible. 

Alloying with chromium increases the 
activation energy of the y> a transformation 
by the linear law 11 


U =U, (1 +0,044C,,%). 


Calculation according to equation (6) of 
the rate of the growth of pearlite during 
eutectoid transformation in unalloyed steel 
at 700°C gives 0.03 cm/sec; this figure is 
some hundred times higher than the experi- 
mentally observed/values for this rate. In 
chromium steels (8.5% Cr, U = 47 kcal/mol) 
the rate of 1 x 1075 cm/sec obtained by cal- 
culation is much closer to the value observed 
by experiment, 

In this way, analysis of expression (6) 
shows that, just as in the case of the growth 
of ferrite grains which was considered in [5], 
also during pearlitic transformation the 
introduction of alloying elements can slow 
down significantly the rate of lattice re- 
ordering for Fey Fea and ensure that the 
latter process limits the rate of pearlitic 
grain growth, 

We shall compute the rate of growth of 
pearlitic grains, which is due to diffusion 
of carbon in alloyed austenite, according to 
the results of [12]. The very considerable 
influence on diffusion of concentration 
stresses arising during the eutectoid decom- 
position of solid solutions will be taken 
into account, During pearlitic transformation 
in unalloyed steel, the rate of grain growth 
is determined by [12] 


* In a first approximation we assume that the 
change of the values of U during alloying cor- 
responds to the change during alloying of the 
activation energy of self-diffusion of iron. 

The coefficient of this linear dependence on the 
carbon content of 0.4.(more precisely 0.45) is 
obtained by using the conversion rule estab- 


lished in [10] and we obtain for Q = (69 -7C 
at.%) kcal/mol in weight percentage: Q = 69 


(1 -0.4 C wt.%) kcal/mol. 


4 a 
dt\N ° 2” 
hence 
dt a dt 
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BCH, 
Soh RT 


where Q is the activation energy of the 
diffusion of carbon in austenite, D, the pre- 
exponential factor of the diffusion coef- 
ficient, w the coefficient of the dependence 
of the lattice constants on the carbon con- 
centration (w= 0.2), E£ the modulus of 
elasticity, c the mean concentration of 
carbon before the pearlite front, 


on Co + Cat + Cac 
3 


(c,¢ and c,, are the concentrations of 

carbon in austenite at the edges of the 
ferrite and cementite plates respectively); 
the value of A is found by solving the 
Caf — Cac 

which is represented graphically in [12]; 

¢, and cy are the concentrations of carbon in 
cementite and ferrite, The values of 6 are 
determined from the temperature of transfor- 
mation and the carbon concentration in the 


original austenite 


7 RT —! 
b = 
& 


transcendental equation P(A, 6) = 


On alloying, the following values are 
changed in (7): Q, Do» te 
and ¢, (with formation of carbides), From an 
estimate of the influence of alloying on these 
quantities one can draw a conclusion on the 
change of the rate of growth of the ferrite- 
cementite or ferrite carbide mixtures, For 
the determination of C4, and Caf we take into 
account 


c 


aFe 
Cac = Caci Cat = Cage RT. (8) 


Determination of the equilibrium concentra- 
tions of carbon at the boundary plane between 
the austenite-cementite (carbide and 
austenite-ferrite phases 3 and c,,) is 
carried out by extrapolation of the boundaries 
of the y-region in the iron-carbon equili- 
brium diagrams [13], for different alloy 
steels with varying addition contents in the 
subcritical temperature range, 

Calculations according to formula (7) give, 
for the rate of pearlitic transformation in 


unalloyed steel, values close to the 
experimental, For chromium steel (8.5% Cr) 
calculation of the rate gives higher values 
than those observed by experiment, 

We now turn to the calculation of the rate 
of pearlite growth during the formation of 
the ferrite-carbide mixture, which is limited 
by diffusion redistribution of the alloying 
element in austenite, The regular layered 
structure of pearlite points to a periodicity 
in the concentration field of the alloying 
element before the pearlite front with the 
same period of s\, The function c (x, y) 
sought for, which is independent of time, is 
the solution to the diffusion equation which 
in the co-ordinate system moving together 
with the pearlite front at a rate v along the 
OX axis assumes the form 


We solve the equation by the method used in 
[12]. The changed boundary conditions 
correspond to the distribution of the alloy- 
ing element in carbide c,, in ferrite cy, in 
austenite at the carbide surface Rigs and at 
the ferrite surface ¢a¢- Mass equilibrium at 
the austenite-carbide and austenite- ferrite 
boundaries is expressed by relations 


(Ck — Cur) V =D(*) 
Ox Jx=0. y=0 


(10) 

dc 

= D 


For rate v we obtain equation 


(11) 


Q 

As 

= (1 4 ke Ri, 
Ap So 


where Dj, and Q, are the diffusion parameters 
of the alloying element in austenite, Ak is 


determined fron equation P(h,, 
1 + k is the correction for visemes” 
stresses (which does not exceed 10). The 
values of A, are not less than 0.5, This 
follows from the fact that the difference 
in the denominator of 6) is 
eile than the difference between c, and 
¢,- The content of the (carbide- forming) 
alloying element in ferrite is decreased, and 


the difference gp, in the numerator is 
less than c,- This follows fram the fact 
that, although at the ferrite surface the 
austenite is enriched in alloying element, 
its concentration at this point will be less 
than in carbide, as a result of the greater 


difference in the volumes formed. Thus, the 
values of b) are limited by 


and this ensures that A >0O,5 even at 


aes Cre for transformation temperatures 


right down to 500°C and therefore for higher 
temperatures, We therefore can write 


Qe Qe 
k So So 


In chromium steel (c, = 8.5% Cr) the 
carbides (FeCr).C, or, at lower temperatures 
(FeCr)_.C are formed. According to the data 
of [14], D,, = 10 cm/sec and Q, = 75 keal/ 
mol, At a decomposition temperature of 
700°C, s, attains values of 1 x 107* cm The 
inequality (12) gives 


v <10711 cm/sec 


In this way, pearlitic transformation in 
chromium steels cannot be limited by dif- 
fusion redistributions of chromium, since the 
rate of pearlitic grain growth would be 6-7 
orders of magnitude less than the observed 
value. In this case carbide formation takes 
place in the cementite-ferrite mixture which 
has formed already. Apparently the position 
is similar for alloying additions such as 
manganese, nickel and some other elements 
with high activation energies of diffusion, 
In a number of cases, e.g. when alloying 
molybdenum, the rate of pearlite growth is 
apparently determined by the diffusion of 
alloying elements, Calculation of the rate 
of pearlite growth during decomposition of 
austenite (675°C) on the basis of equation 
(11) for molybdenum steel (0.5% Mo) shows 
that in this case v = ~1079 cm/sec 
(Do, = 0.1 cm/sec, Q, = 59 kcal/mol [6]). 
Experimental determination of the rate of 
pearlite growth for this steel gives 2 x 1076 
cm/sec [15]. In molybdenum steels the 
possibility exists that austenite is 
decomposed directly into ferrite and special 
carbides. This problem, however, requires 
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special consideration. 

In agreement with the fact that the rate of 
pearlite growth can be determined by any one 
of three possible processes, the kinetic 
curve for pearlitic transformation is 
expressed by one of three corresponding 
equations, 

If the rate of pearlitic transformation is 
determined by the process of re-ordering the 
iron lattice, then we obtain by formulae (32), 
(4) and (6) for the kinetic curve the 
equation 


[- 
2u,AFo 
1 (13) 
4 Wl 
exp . 
dav, RT RT 


If carbon diffusion is the process deter- 
mining the kinetics, then we obtain by 
formulae (3), (4) and (7) the equation 


(14) 


3 
4 Q 


RT 


RT 


In the case of the alloying element 
determining the diffusion effects, the 
equation of the kinetic curve will be of the 
form (14), and the magnitude of parameters 
Q, Dj, A, #, U and others should be replaced 
by values corresponding to the diffusion of 
the alloying additions and to the formation 
of carbides. 

Analysis of equations (13) and (14) shows 
that in alloying the main influence on the 
kinetics of pearlitic transformation will be 
exerted by the change in the magnitudes of 
W, U and Q which are found in the exponent, 
The change in the difference U ~ Q during 
alloying is the criterion which determines 
the type of kinetics of pearlitic transfor- 
mation and the possibility of describing it 
by formula (13) or formula (14). Variation 
of the temperature of transformation can also 
lead to a change in the type of kinetics for 
identical contents of alloying element, as a 
result of changes in the values of the 
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magnitudes entering in the factor preceding 
the exponent in formulae (13) and (14): 
AFo, So, A, R. 

On the basis of the ideas set out above we 
shall carry out the calculation for the 
kinetic curves of 50 per cent transformation 
of austenite in unalloyed and chromium 
steels, 

In unalloyed steel [12]: 


cz, = 0,8 + 0,013 (996—7); 
= 0,8—0,002 (996—T); 


RT [0.538-0.0007 (T-273)] ; 
D, 0. 12cm /sec; = 31300 cal/mol. 
In the temperature range 720-600°C at 
c, = 0.5% C the value of 6 changes from 1.2 to 
1.8. From the curve of function 


 (b, = — “ae, 
Cy 
given in [12] we find the values of A for 
various temperatures of transformation, 
E=2-x 10° kg/cm, 
The surface tension at the boundary of the 
austenite and cementite phases is 


¢ =48+0,3 (720°—f C) (erg/cm?) 


15 


—4 
x 10-4 cm, 


In Fig. 1, curve 1 corresponds to the 
kinetic curve of 50 per cent transformation 
of austenite [17] and curve 3 to the 
kinetic curve calculated from equation (14). 
Calculations from equation (13) (curve 2) 
give for the transformation time in unalloyed 
steel considerably lower values, which point 
to the fact that in the given case pearlitic 
transformation is not limited by the rate of 
polymorphous transformation 7 —a and, 
consequently, is determined by carbon 
diffusion. 

For alloy steel containing 0.5% Cr and 
0.4% C we find [13] 


ca = 0,45 + 0,016 (1108 — 7), 
cé: = 0,45 — 0,002 (1108 — 7), 


(16) 


Alloying with chromium increases Do to 
0.21 cm*/sec and Q to 39 kcal/mol. We put 
the surface tension at the alloyed 


austenite/alloyed cementite boundary at 

29 + 0.28 (700° - t° C) erg/cm?, The 
calculation of s, is.carried out with con- 
sideration of the influence of alloying. 
Data given in [4] show that alloying with 
elements retarding the diffusion of carbon 
can increase s, by a factor of 1.5-2; we 
calculate AF, by the method given in [5]. 
When the transformation temperature is 
changed from 700 to 600°C, AF, changes from 
47 to 136 kcal/mol, the value of 6 from 1.7 
to 2,1, and the values of A from 0, 84 to 
0.62. 


4 


j 


sec min 


Fig. 1. Curves characterizing the kinetics of 
isothermal decomposition of austenite in unalloyed 
steel. 

1 — Experimental data; 2 ~— Calculated on the 
basis that the re-ordering of the iron lattice 

1 > ais the controlling factor. 

3.-— Calculated on the basis that carbon diffusion 
is the controlling factor. 50 per cent transfor- 
mation. 


The kinetic curve for 50 per cent trans- 
formation of austenite in the chromium steel 
considered is shown by curve 1 in Fig. 2 from 
the data given in [18]. Curve 2 corresponds 
to the calculation according to equation 
(13). Calculations according to equation 
(14) (curve 3) give, for the given chromium 
steel, values for the transformation time 
which are by 3-4 orders less than those 
obtained by experiment, In agreement with 
the results of [1], this confirms the opinion 
that in alloy steels the factor determining 
the kinetics of pearlitic transformation can 
be the re-ordering of the lattice Fey> Fea, 
whereas in unalloyed and low-alloy steels the 
kinetics of pearlitic transformation is 
determined by carbon diffusion, 

Comparison between the changes in the 
activation energy of diffusion [6] and the 
activation energy of re-ordering during alloy- 


| 
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ing with chromium shows that the kinetics of 
pearlitic transformation in chromium steels 
is determined by the kinetics of polymorphous 
transformation for chromium contents above 
2.5 per cent, 

At the same time, the results of the present 
investigation show that the assumptions made 
by the authors of [9], that the re-ordering 
mechanism has a controlling effect during 
eutectoid transform.tion in unalloyed carbon 
steel, cannot be regarded as correct. 

This assumption of [9] is due to the fact 
that the usual explanation of pearlitic 
transformation in high-purity eutectoid 
unalloyed steels by the mechanism of carbon 
diffusion is inadequate. Calculation of the 
influence of concentration stresses, arising 
during pearlitic transformation, on diffusion 
give good agreement of the values of the rate 
of pearlite growth derived from equation (7) 
and those obtained by experiment, whereas in 
[9] empirical constants are adopted to force 
the equation describing pearlite growth to 
tie up with experimental curves, 


8 


i) 2030 7 
sec i hours 


Fig. 2. Curves characterizing the kinetics of 
isothermal decomposition of austenite in steel 
containing 0.4% C and 8.5% Cr. 

1 - Experimental data 2 — Calculated on the 
basis that the re-ordering of the iron lattice 

Y ~ a is the controlling factor. 3 ~ Calculated 
on the basis that carbon diffusion is the con- 
trolling factor. 50 per cent transformation. 


It should be noted that (in the absence of 
experimental data) in the present work a 
certain arbitrariness in the choice of values 
of o, and the possibility that the changes 
in free energy during the formation of centres 
of the new phase can be defined more precisely 
than has been done here, cannot reflect on the 
general conclusions obtained, since the 
magnitude of the work of formation of the 
critical nucleus W enters in equations (13) 


and (14) in identical powers and, therefore, 
does not determine the relative distribution 
of the calculated curves 2 and 3. 

Consideration of cases when diffusion is 
determined by alloying elements, when 
carbides are formed immediately, requires 
more detailed study of the thermodynamics of 
carbide formation, 


Translated by H. Nowottny 
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THE POINT AT WHICH SLIP LINES FORM 


It is generally believed that plastic 
deformation in polycrystalline metals starts 
in grains which are oriented most favourably 
relative to the direction of acting forces. 
Accordingly, under uniaxial] loading con- 
ditions the first traces of deformation (the 
slip lines) appear therefore in those grains 
in which the planes of easiest slip coincide 
with maximum shear stresses, i.e, at an angle 
of 45° relative to the direction of the 
applied force. Such an idea arose by analogy 
with the deformation of single crystals in 
which the effort required for slip formation 
is least in the case when planes packed most 
closely with atoms, i.e. preferred slip 
planes, coincide with maximum shear stresses, 

The extended application of this idea from 
single crystals to polycrystalline metals has 
long since met with objections [1, 2]. 

Shapov (3] has shown by experiment that an 
idea of this nature concerning the formation 
of slip lines rests on insufficient grounds. 
He observed that slip lines first appear in 
large grains or in clusters of fine grains 
having closely related crystallographic 
orientations. Subsequently Hanson and 
Wheeler [4] also observed the first slip 


lines in large grains, Our own investiga- 
tions on tensile-stressed aluminium have 


shown likewise that the generally held 
opinion on the appearance of the first slip 
lines is inaccurate. 

This can be observed easily in a specimen 
in which the grain dimensions are not uniform 


* Fiz. metal metalloved. 8, No.2, 225-234, 1959. 


along the specimen length, In the fine- 
grained portion of a specimen having grains 
with a very favourable orientation relative 
to the direction of acting forces (cube 
plane** (001) in the microsection plane, 
direction (110) at an angle of 45° to the 
tension force), no slip lines were found; 
whereas under identical strain large grains 
with quite different orientations were 
heavily marked with slip lines. 

A study of elongated specimens having non- 
uniform grain sizes will also show readily 
that the first slip lines appear in larger 
grains with different orientations, among 
them such orientations as are clearly 
unfavourable for slip. Of the fine grains in 
the same specimen, a great number of which 
had orientations considered to be favourable 
for the development of slip, not a single one 
showed slip lines, 

Generally, the first slip lines appear in 
coarse grains in both iron and aluminium. As 
in the previous case, this can be observed 
either on one and the same specimen when it 
contains grains of different sizes (Fig.1) or 
when straining several specimens in which the 
grain size of one differs from that of 
another, In the latter case, the coarser the 
grain the lower was the strain required for 
revealing the first slip lines, 

Fig. 2 shows the degree of deformation at 
which the first slip lines occur plotted 
against the grain size in polycrystalline 
iron (0.04% C, 0.07% Mn, 0.13% Si, 0.12% Cu) 
and aluminium (99.46% purity Al). 


** Grain orientation was determined by the method 
of etch pits. 
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Slip lines in coarse grain (0.5 mm) of 
In fine grains 
xX 220, 


Fig. 1. 
the iron specimen (0.04% C). 
(0.07-0.08 mm) slip lines are absent. 


De 
Ne 
50 100 200 500 1000 


Grain Sfze, log (micron) 


6 
3 


Amount of deformation (4) 


Fig. 2. Degree of deformation at which the first 
slip lines in polycrystalline aluminium (curve 1) 
and iron (curve 2) are formed plotted against 
grain size. 


THE DIRECTIONS OF SLIP LINES 


The above observations have shown that for 
tension the coincidence of preferred slip 
planes with the maximum shear component of an 
applied stress does not appear an adequate 
criterion for the formation of the first slip 
lines in grains, Incipient slip does not 
develop in fine grains although, in particu- 
lar in aluminium, in 15-20 per cent of the 
grains the preferred slip planes are arranged 
much more favourably relative to the direc- 
tion of acting forces, In other words, the 
formation of the first slip lines is not 
determined only by the coincidence of 
preferred slip planes with maximum shear 
stresses occurring in a specimen but it 
depends also on other conditions and, in 
particular on the grain size. 

Without entering at this point into an 
explanation of this phenomenon, we note the 
fact which has been observed previously [1, 3] 
that the direction of the first slip lines 


in grains does by no means always form an 
angle of 45° with the direction of the 
applied force and in some cases does not 
coincide with the direction of planes offer- 
ing the least resistance to slip in a grain. 
An investigation was carried out to deter- 
mine the start of the appearance of the first 
slip lines in commercial-purity aluminium, 
Ten polished sections were prepared from the 
side surface of fractured specimens and the 
directions of 55 primary slip lines were 
determined on them, i.e, lines formed at that 
stage of deformation when there were no more 
than ten grains with slip lines* on the 
entire side surface of the strained specimen, 
Forty-four lines pass through the cube 
diagonal (Fig.3), five through the cube edge 
(Fig.4) and six through the octahedron edge, 
Thus, in spite of the fact that in each 
specimen grains with an orientation very 
favourable to slip were present and that the 
quantity of such grains was less less than 
15-20 per cent, only part of the first slip 
lines coincided with preferred slip planes, 
A considerable quantity of primary slip lines 
(approximately 10 per cent) passed parallel 
to the cube edge; this showed that they did 
not coincide with preferred slip planes. 
Further, the slip lines sometimes cut across 
grains which were clearly unfavourably 
oriented relative to the applied force, 
while adjacent grains with an orientation 
more favourable for slip remained intact, 


Direction of slip lines in aluminium 
The direction 


Fig. 3. 
grains favourably oriented for slip. 
of tension is indicated by arrows. 


* The area of a microsection was 3 x 20 mm, and 
the total quantity of grains on one microsection 
1x 104 - 2x 104, 
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Fig. 4. Slip lines in aluminium grains in which 
slip does not coincide with a preferred slip 
plane. 


The majority of the primary slip lines was 
found along the cube face diagonal and the 
octahedron edge, that is, it coincided with 
preferred slip planes. However, the direc- 
tion of maximum stresses (angles of 45° or 
135°) but formed various angles between 20 
and 160° with the direction of the applied 
force. 

As was to be expected, the large majority 
(approximately 80-90 per cent) of the slip 
lines pass through preferred slip planes but, 
as a rule (approximately 70 per cent), their 
direction does not coincide with the direction 
of maximum shear stresses in the specimen, 

The fact that, in the presence of grains 
with favourable orientation relative to the 
direction of the applied force, first slip 
lines appear in grains with unfavourable 
orientation shows that maximum shear stresses 
in the slip plane do not coincide with the 
direction of maximum shear stresses in the 
specimen if it is regarded as an ideal 
elastically isotropic body. This cannot be 
confirmed concerning the difference in the 
direction of the first slip lines, The 
difference in the direction of first slip 
lines which has been observed on the micro- 
section plane does not offer any basis for an 
estimate of the distribution of slip planes 
in space. 


METHODS OF THREE-DIMENSIONAL ANALYSIS OF 
PLASTIC DEFORMATION IN POLYCRYSTALS 


To estimate the distribution laws for 
directions of forces acting on grains in 
space on the basis of slip traces in these 


grains*, it is necessary to establish a 
relation between the three-dimensional 
distribution of slip planes and their inter- 
sections with the microsection plane, i.e, 
the slip lines observed by us, the quantity 
and direction of which can be calculated, 

For this purpose a solution must be found 
to the following geometrical problem A 
great number of planes (slip planes) exists 
for which the law of the distribution of 
their directions in space is unknown, Al] 
these planes intersect with a certain plane 
(the microsection plane) and the distribution 
of the directions of the lines of intersec- 
tion (slip lines) is known. It is required 
to map the three-dimensional distribution of 
the slip planes, 

The solution of this problem was carried 
out in co-operation with A.G Spektor. 

Let the direction of the slip planes in space be 
characterized by thenormals to this direction 
Myr No, Nze All the normals are transposed 
parallel to themselves through some point 0 
on the axis of the specimen and a sphere is 
described about this point with radius equal 
to unity (Fig.5). The direction of a normal 
will be defined by two angles ® and ¢. All 
normals lying at an angle ® to the specimen 
axis form a cone with its apex in point 0. 
The intersection of normals corresponding to 
this angle with the sphere will give an arc 
PPP Thus, if the deformation is symmetrical 
with the 2X) axis, the density of the points 
of intersection between the normals and the 
sphere over the entire arc pp,p, correspon- 
ding to the condition ® = const., will be 
identical. 

The position of a given normal n is defined 
by angle @ which characterizes the divergence 
of the normal from the plane XP sP,%1: 

We introduce the distribution function of 
the density of directions 


| dN dn 
K Nd® do 


where N is the total number of the normals 
(slip planes), dN the number of normals 


inclined to the zx, axis at an angle lying 


* We are here concerned with primary slip lines 
characterizing forces which act in the initial 


stage of plastic deformation. 
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between ® and®+A@,and dn= a = An 


the fraction of the number of normals 
directed at this angle, 


P, 


Fig. 5. Diagram showing the distribution of the 
directions of normals to the slip planes in space. 
Specimen axis 


Taking structural symmetry into account, we 
shall consider only one octant of the sphere 
of directions of normals, which is charac- 
terized by angles 0<®<90°; 0< 9<90°. 

We divide the sphere of directions of 
normals into a series of narrow bands corres- 
ponding to an interval of anglesA@= 10° or 
7/18 radian. The corresponding values of 
distribution function of the density of 


directions of normals K}°, K30... (the 


indices indicate the limits of angles ®) may 
be accepted as constants within the limits of 
each band. 

We indicate by a the acute angle between 
the slip line on the microsectim plane and 
the xx) axis (Fig.5) and calculate the number 
of slip lines inclined towards the xX) axis 
by an angle 4.a. These lines will be formed 
by slip planes, the normals to which form 
with the specimen axis an angle of 
®<(90—a), ,independently of their second 
co-ordinates 

The number of such normals will be 


y= 
(2) 
7=0 

Not all normals forming with the specimen 
axis an angle of ® >(90—a), will be con- 
nected with such slip lines. For this to 
occur, angle @ must lie within the limits 


cot 
0< %,where %,, = arcsin—— . 
tan 


The number of these normals for each angle 


of @ will be proportional to the quantity 


If for each band corresponding to ?_ = a, 
we have K*+!° normals, then for angle ?, 


normals, 


11/2 
Hence for such angles we obtain the number 
of slip lines 


we obtain K2+!° 


7=90 


2 . cota 

— arcsin , 

tan ® 
1=90-2 


Neca 


(3) 
where = + 5°. 


The number of normals corresponding to the 
angle of slip lines lying between a anda+A 
can be expressed by equation 


= a,Kso aaK7 + 
(4) 
+ ayKoo +... 

The coefficients a can be readily calcula- 
ted from the set of equations (2) and (3). 

For each interval of angles @ an equation 
of type (4) can be written, Hence we have a 
system of nine equations of type (4) for 
determining the nine unknown quantities 


K?0... The solution of this system leads 
to a system of series of type 


x: = aN}; 
Kip = + 


90 10 
Ko = [No 


+... 


where K is a quantity proportional to the 
number of slip planes the direction of which 
lies within the limits of angles indicated by 
the indices, N is the relative number of slip 
lines on a plane, which lie within the limits 
of the angles indicated by the indices, and 


a, b, ..., h are numerical coefficients, 


INVESTIGATION OF THREE-DIMENSIONAL MAPPING 
OF PLASTIC DEFORMATION IN IRON AND ALUMINIUM 


Starting from the problem posed above of 


Initial stage of plastic deformation 


determining the three-dimensional distribution 
of directions of slip planes in the initial 
stage of plastic deformation, the directions 
of slip lines relative to the direction of 
the axis of the specimen stressed in tension 
were determined experimentally in those grains 
in which these slip lines first appeared. 

The following procedure was adopted. The 
specimens were stressed in tension up to low 
amounts of deformation when on the polished 
surface prepared on one side of the specimen 
one or at most two grains with slip lines 
were observed under the microscope. The 
number of such grains did not exceed ten for 
each specimen surface measuring 4.5 by 25 mm 
for iron and 3.0 by 20 mm for aluminiun, 

The angles were determined by means of a 
protractor placed on the ground glass of the 
photographic camera, The accuracy of measure- 
ment was + 5°, For each curve showing the 
distribution of angles of slip lines on a 
plane, the direction of 100 to 200 lines was 
determined in 15 to 20 specimens subjected to 
the initial stage of straining in tension. 
Lines were determined for angles varying from 
0 to 180° and distribution curves were 
plotted for this entire range, As the distri- 
bution of lines in the 0-90° and the 90-180° 
range was, as a rule, symmetrical, the 
calculations were based on the sum of lines 
of symmetrical direction, 
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Fig. 6. Distribution of directions (relative to 
the specimen axis) of slip lines on the plane of 
the microsection (curve 1) and of slip planes in 
space (curve 2) for forged fine-grained iron. 


Frequency (4) 
Ss 


In Figs. 6-9 the broken lines show the 
distribution of the directions of primary 
slip lines, i.e. slip lines in those grains 


in which slip deformation started during 
tensile stressing, for the following four 
cases: 

1. Fine-grained armco iron, carefully 
forged and annealed at 900°C (mean grain 
diameter 0.07-0.08 mm), 

2. Coarse-grained armco iron forged and 
annealed at 1180°C (mean grain diameter 
0. 6-1.0 mm), 

3. Aluminium (99.46% Al) deformed and 
annealed at 280°C (mean grain diameter 
0.06 mm), 

4. Coarse-grained iron, hot-rolled (mean 
grain diameter 0,07-0.08 mm), 

The continuous lines in Figs, 6-9 show the 
distribution in space of the directions of 
slip planes in which slip began, The abscissa 
indicates the angles formed by the direction 
of slip lines (broken curves) or slip planes 
(continuous curves) and the direction of the 
specimen axis or (what is the same) the direc- 
tion of the action of the applied force, The 
ordinate gives the relative number of cases 
of a given direction as a percentage of the 
total number of cases, 

The distribution of slip lines on a plane 
for fine-grained forged iron (Fig.6) is 
characterized by the presence of lines of 
almost all directions, with the exception of 
low angles formed with the specimen axis, A 
small preference is shown by the direction 
forming angles of 45 and 135° with the 
direction of the applied load (the specimen 
axis). 

After conversion carried out by the method 
described above the preferred orientation of 
slip planes oriented at angles of 45 and 135° 
to the direction of straining is clearly 
increased. However, these directions of the 
slip planes along which the deformation in 
the grains starts are not the only ones to 
appear. In almost half the grains (45 per 
cent) slipping begins at various angles below 
45° (above 135°) and in the intermediate 
range (50-130°)*. 

In the case of very coarse-grained iron 
(Fig.7), the amount of grains showing first 
slip planes at an angle of 45° (135°) is 
increased to 72 per cent. The coincidence in 
the directions of the majority of planes in 
which slipping begins with the direction of 


* The relative amount of these directions is 
indicated in Figs. 6-8 by the shaded areas. 
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maximum shear stresses in the specimen becomes 


more marked. However, even in this case the 
direction of primary slip lines does not 
coincide with the direction of maximum shear 
stresses in 28 per cent of the grains, 

A relatively high percentage of this 
coincidence is also found in fine-grained 
aluminium (Fig.8). The more pronounced 
preference of the 45 and 135° directions is 
here observed even on the specimen plane, 
Metallographic study of the etch pits showed 
in this case the presence of a preferred 
development of orientation more favourable 
for slip at an angle of 45° to the specimen 
axis. Calculation of the distribution of 


slip planes in space revealed a marked 
increase in the amount of primary slip planes 
at angles of 45 and 135° (72 per cent). 
However, in 28 per cent of the grains affec- 
ted by primary slip the slip planes did not 
coincide with the direction of maximum shear 
stresses, 
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Fig. 7. Distribution of the directions (relative 
to the specimen axis) of slip lines on the plane 
of the microsection (curve 1) and of slip planes 
in space (curve 2) for forged coarse-grained iron. 


An interesting picture is presented by hot- 
rolled iron in which the beginning of the 
appearance of slip traces during deformation 
was observed directly after the hot-rolling 
without any further treatment of the metal, 

Fig. 9 shows the diagram for the distribu- 
tion of the directions of slip lines in grains 
affected by primary slip in polar co-ordinates, 
The magnitudes proportional to the number of 
cases coinciding with the given direction are 
indicated along the radius of each direction. 


Initial stage of plastic deformation 


Here a preferred direction of slip lines is 
clearly revealed on the plane of the micro- 
section at an angle of 90° to the direction 
of the specimen axis and close to this 
direction, Calculations have shown that the 
slip planes which give such a distribution of 
directions of slip lines on the microsection 
form angles of 45° and 60-65° to the specimen 
axis and angles symmetrical to them, The 
three-dimensional] distribution of slip planes 
on which slip began (Fig.9) clearly indicates 
these two preferred directions One of then 
coincides with an angle of 45° to the direc- 
tion of the action of the tensile force and 
therefore reflects the action of maximum 
shear stresses in the specimen, whereas the 
second preferred direction diverges substan- 
tially from this, forming an angle of 60-65° 
with the direction of straining. This can be 
explained on the assumption that in the 
material studied some preferred orientations 
of likely slip planes were found, i.e. that 
texture was present. 
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Fig. 8. Distribution of the directions of slip 
lines on the surface of the microsection (curve 1) 
and of slip planes in space (curve 2) for strained 
and annealed fine-grained aluminium. 


Preliminary X-ray studies, carried out in 
co-operation with I.V. Vikker, likewise offer 
grounds for assuming the presence of texture 
in the hot-rolled iron investigated. Fig. 10 
shows X-ray patterns taken under completely 
identical conditions for iron radiation; a 
Laue-type camera was used with a special 
device for obtaining small-angle reflection, 

Comparison of the X-ray patterns shows 
clearly that they differ in so far as preferred 
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crystal orientation (texture) is present in 
that for rolled iron (Fig.10a), while this 
cannot be observed in that for forged iron 
(Fig. 10b). By metallographic investigation 


using the method of three-dimensional analy- 
sis as described above it is possible not 
only to determine the trends of texture in 
the material but to arrive at some estimate 
of the character of this texture, 


90° ° 
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Fig. 9. Distribution of the directions of slip 
lines on the plane of the microsection (curve 1) 
and of slip planes in space (curve 2) for hot- 
rolled armco iron. 


In particular, in hot-rolled iron the 
preferred directions of primary slip planes 
form an angle of 60-65° with the direction of 
the specimen axis, If rhombic dodecahedron 
planes [2], being most close-packed, are 
likely slip planes for ifon, then such a 
preferred direction of first slip planes 


Fig. 10. 


corresponds (within the limits of accuracy of 
the measurements) to the direction which 
should be formed by the preferred location of 
the (112) plane in the rolling plane (i.e. 
parallel] to the specimen axis). This agrees 
with X-ray results obtained at the time by 
Kurdjumow and Sachs [5] who established that 
the (112) orientation very frequently lies in 
the rolling plane, 


DISCUSSION OF TEST RESULTS 


As mentioned above, plastic deformation in 
polycrystalline material should in accordance 
with our ideas start in grains which are most 
favourably oriented relative to the direction 
of the applied force, that is in which 
likely slip planes are found at an angle of 
45° to the direction of the action of the 
tensile load, The first slip planes should 
therefore coincide with likely slip planes 
and be found at an angle of 45° to the 
direction of the applied force, 

However, investigations have shown that in 
some cases, for instance when the grain size 
is not uniform, slip occurs first in large 
grains, independent of their orientation, In 
metals with uniform grain size, cases occur 
when the first slip planes do not coincide 
with the likely slip planes, Often the 
direction in which slip first occurs does not 
coincide with the direction of maximum shear 


X-ray patterns of rolled (a) and forged and annealed (b) iron of 


commercial purity. Grain size in both cases 0.07-0.08 mm. 
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stresses in the specimen. The amount of such 
grains in which the direction of the first 
slip planes differs by angles of various 
degrees from the direction of maximum stresses 
in the specimen amounts to nearly half the 
total (45 per cent). In wniformly coarse- 
grained iron this quantity is considerably 
less (28 per cent). 

These facts can be explained on the basis of 
the following ideas, The direction of slip 
planes in grains of polycrystalline material 
is determined, not by maximum shear stresses 
in the specimen, but by a combination of 
forces which act on each individual grain 
from the direction of the neighbouring grains 
and accumulate under the influence of the 
complex interaction which takes place between 
the grains, An externally applied force is 
not transmitted mechanically to the individ- 
ual grains, as in a uniform isotropic medium, 
but is largely redistributed among them. Such 
a redistribution of forces, which is associa- 
ted with a difference in the form and orien- 
tation of the grains, could explain the 
scatter in the directions of the first slip 
planes. However, it does not explain why 
this scatter changes with the grain size and 
why the slip lines occur earlier in large 
than in small grains, As the dimensions of 
grains determine the extent of the inter- 
granular transition layer it is natura] to 
turn to a consideration of the influence of 
this layer om the initial stage of deforma- 
tion, 

Grains can act on each other only across 
transition layers which take up the pressures 
arising between grains of different orienta- 
tions, Asaresult of these pressures there 
occurs deformation of the transition layers 
and the grains tend to shift relative to each 
other. This tendency is also stimulated by a 
difference in the shape of the grains and by 
the lack of coincidence of the centres of 
gravity of the grains with the resulting 
force acting on each grain [6]. 

As was shown experimentally for iron and 
aluminium [7], at this stage of deformation 
no slip has been observed as yet. Later, 
when the transition layers harden and the 


opportunity for the displacement of whole 
grains is gone, slip deformation due to the 
effect of increasing forces in the grains 
starts in those directions which were being 
built up as a result of the interaction 
described above between the various grains, 
These directions together with the direction 
of likely slip planes determine the direction 
of the first slip planes on which slip takes 
place in a grain. 

In the case of large grains where inter- 
granular displacement of grains is difficult 
and the grain boundaries impede slip inside 
the grains relatively little slip processes 
begin earlier than in fine grains, independent 
of their orientation*., In coarse-grained 
metals external forces are transmitted to 
individual grains with fewer changes in 
direction and, consequently, the preferred 
direction of first slip planes coincides to a 
large extent with the maximum shear stresses 
in the specimen, 

In textured metals the general scatter of 
the directions of primary slip is influenced 
by the texture which to a significant degree 
controls the preferred direction of the first 
slip planes, 

The author wishes to thank Professor 
N.P. Shapov for his help and advice concerning 
the. discussion of the work. 


Translated by H.E. Nowottny 
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X-RAY STUDIES OF DEFORMATIONS IN THE 
CRYSTAL LATTICE OF METALS DEFORMED AT 
LOW TEMPERATURES* 
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Ukraine Institute of Metals 


Kharkov State University 
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Microdeformations and the size of the coherent scattering region were studied 
by a harmonic analysis method in Fe, Al and Pb, deformed at room temperature and 
77°K. It was shown that the most intense build-up of microdeformations and 
scaling-down of coherent scattering regions occurred at the very beginning of 
the deformation. Lowering the temperature of deformation leads to a further 
increase in microdeformations and decrease in coherent scattering regions. 

The microstresses which arise are compared with yield strength at the corres- 
ponding temperatures. An estimate is given of the elastic energy of residual 


microdeformations. 


1. A study of the deformation of metals at 
low temperatures, when to a large extent the 
effect of relaxation is excluded, is of 
definite interest, widening our ideas of the 
nature of plastic deformation and of the 
mechanism of creation and build-up of defor- 
mations of the crystal lattice which occur 
here, 

A large amount of work devoted to the X-ray 
study of plastic deformation in metals is 
known, However the overwhelming majority of 
it was carried out at room temperature. Only 
a small amount of work is known in which 
plastic deformation and X-ray studies were 
carried out at liquid nitrogen temperatures 
and below [1-5]. 

The present work was done with the aim of 
studying the structural changes which arise 
in plastically deformed metals on decreasing 
the deformation temperature from room tem- 
perature to 77°K. 

2. For the investigation massive specimens 
of commercially pure iron and aluminium and 
spectrally pure lead were selected. Before 
deformation the specimems were carefully 
annealed to give a fine-crystalline, 
deformation-free structure, and their 


* Fiz. metal. metalloved., 8, No.2, 235-239, 1959. 


surfaces were etched. Deformation was by 
uniaxial compression at room temperature or 
liquid nitrogen temperature, In the latter 
case the specimen was immediately transferred 
(in liquid nitrogen) to the previously cooled 
low temperature X-ray camera, with no inter- 
vening heating, 

A diagramatic cut-away view of the camera 
is show in Fig. 1. Cooling of the specimen 
during the exposure time was effected by a 
simple and reliable method, partial immersion 
of the rotating specimen in liquid nitrogen, 
Simultaneously, liquid nitrogen was poured 
over the sample from above, by means of a 
simple device. Temperature variation of the 
specimen under these conditions did not 
exceed + 0.2°. Exposure of specimens defor- 
med at room temperature was carried out in 
the same camera without cooling, 


The back reflection photo method was used 
in the X-ray examination, with a sharp focus 
tube with an adjustable focal point and a 
compartmented cassette, ensuring constant 
conditions of exposure and processing for the 
X-ray photos. The direction of the X-ray 
beam was along the axis of compression. The 
(211) line of iron, the (420) line of 
aluminium and the (620) line of lead, taken 
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in chromium, cobalt, and iron radiation 
respectively, were investigated. 


Nitrogen level, 


Fig. 1. The low-temperature camera: 1, specimen; 
2, specimen holder; 3, “scoop” for polishing the 
specimen with liquid nitrogen on exposure; 

4, shaft; 5, rod; 6, bath with liquid nitrogen; 
7, thermal insulation; 8, ebonite pillar, 

9, nitrogen level. 


In Fig. 2 are show X-ray photos and their 
photometric traces from the (211) lines of 
annealed and deformed iron. 


Fig. 2. X-ray photos and their photometric traces, 
of the iron (211) line, taken at 77°K. (a) Before 
deformation. (b) After 2% deformation of the 
specimen at 77°K. 


3. Structural changes caused by plastic 
deformation of the metal were investigated by 
harmonic analysis of the forms of the inter- 
ference lines on X-ray photos of polycrystal- 
line specimens [6, 7]. If different-order 
reflections are obtained on the X-ray photo 
from a single crystallographic plane, this 


method allows us to distinguish between the 
effects of ‘“‘fine dispersion” and-‘‘micro- 
deformations” which cause line broadening on 
the photo, that is, allows us to fully 
characterize the state of the crystal lattice 
of the deformed specimen, In practice 
however it is not always possible to get 
different-order reflections, Therefore in 
the present work, an approximate method [8] 
of separating the effects of fine dispersion 
and microdeformations, from the broadening of 
a single line, is used, not taking into 
consideration the size distribv+ion of the 
coherent scattering areas, 


4. The relation between coherent scattering 
region size D and relative deformation < per 


cent derived by this method for the metals 
investigated, deformed at room and low tem- 
peratures, is shown in Fig.3. Even for small 
deformations (2-5 per cent) formation of a 
very finely dispersed structure takes place, 
with a coherent scattering region size of 
about 1075cm, With increase in degree of 
deformation the size of these regions 
decreases comparatively little (by 2-3 times). 


20 4 60 Ady, 
a 


Fig. 3. 
size with degree of deformation: 
(2) Al at -196°; (3) Fe at +20°; 
-196°; (5) Pb at -183°. 


Variation of coherent scattering region 
(1) Al at +20°; 
(4) Fe at 


Graphs in Figs. 4 and 5 show the relation 
between size of microdeformation (displace- 


ment ) V AL* and the spacing L for iron and 


aluminium deformed at room temperature and 
low temperatures. There is a similar relation 
for lead deformed at a low temperature 
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Fig. 4. Variation in microdeformations with spacing for Armco iron specimens 
deformed at (a) room and (b) low temperature. (a) At room temperature: 1, 2%; 


2, 1%; 3, 20%; 4, 26%; 37% 45%; 59%; 
2, 14%; 3, 34%; 


( V BL2ax = 0,3 A). From these graphs it 


follows also that the basic effect of defor- 
mation of the crystal lattice is shown at the 
very beginning of the deformation 


Ad 
(2<—- < 5%); further deformation does 


not lead to significant changes in the 
displacements. Here low-temperature defor- 
mation creates larger microdeformations, 
Thus for example in iron deformed by 2 per 
cent at low temperatures the disp] acement 
reaches 0.38 A, while deformation by @ per 
cent at room temperature corresponds to a 
value V 30 = 0,32 A. 

It is possible that the form of the graphs 
shown should be attributed to the fact that 
for large deformations the overwhelming part 
of the deformation work is given up in the 
form of heat and only an insignificant 
quantity goes over into the energy of defor- 
mation of the crystal lattice, Such a result 
is in accordance with known results about 
latent energy of deformation [9], where the 
basic effect of storage of latent energy of 
deformation occurs in the initial stages of 
deformation. 

In Fig. 6 are shown results of a determina- 


tion of relative microdeformations 
in aluminium deformed at the temperature of 
liquid nitrogen, which allow us to judge the 
uniformity of deformation, There is a 
similar graph for iron and lead, As is 

seen from Fig. 6, the relative microdeforma- 
tion € is substantially non-uniform and 


(b) At low temperatures: 1, 2%; 


4, 57%; oa 66%. 


increases with increase in degree of defor- 
mation, passing through a maximum, Thus the 
maximum value of relative microdeformation 

€ nax STOWS with increasing degree of defor- 
mation and decrease in deformation temperature 
and is reached at shorter and shorter 
distances. Lowering the temperature of 
deformation from room temperature to 77°K for 
similar relative deformations increases ee 
for aluminium and iron by about twice (for 
aluminium from 0.7 x 1073 to 0.4 x 107%, for 
iron 0.9 x 1073 to 1.7 x 1073). The greatest 
value of € nax for lead, deformed at the 
temperature of liquid nitrogen, is 0.8 x 1074, 
It is of interest to note that in work [8], 

high-carbon steel quenched and 
tempered at 250° reaches a value of 5 x 1075. 
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Fig. 5. Variation of spacing microdeformations 
with spacing for deformed aluminium specimens: 

(a) at room temperature; 1, 2%; 2, 4%; 3, 20%; 
4, 27% 5, 39%; 62%; (b) low temperature; 1, 4%; 
2, 14% 3, 33%; 4, 52%; 5, 69%. 
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From the relative mean microdeformation 
results and values of modulus of elasticity 
in a given crystallographic direction, micro- 
stresses in the specimens were calculated. 
Values determined for this quantity P, for 
iron and aluminium deformed by 60 per cent at 
room temperature, were 17.5 and 4 kg/mm? 
respectively. Lowering the temperature of 
deformation to 77°K, in accord with the 
relative microdeformation results increased 
P to approximately double (34.3 and 10 kg/mm?), 
For lead, deformed at the temperature of 
liquid nitrogen, the largest value of P was 
1.9 kg/mm?, 
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Fig. 6. Graph of relative deformation as a 
function of spacing for aluminium specimers 
deformed at 77°K: 1, 4%; 2, 14.5% 3, 33%; 
4, 52%; 5, 69%. 


An attempt was made to compare values of 
the microstresses arising P with the yield 
strength oO, for iron and aluminium specimens 
deformed at room temperature and a low tem- 
perature, 

The field stréngth is determined by the 
so-called non-specimen method [10, 11] from 
the radius of raised material around a 
conical impression on the surface of the 
specimen, The impression is made with a 
diamond cone at room temperature and 77°K, 
The experiments showed that values of micro- 
stresses P calculated were always less than 
a yield strength and were equal to 0. 2-0.3 


For the same specimens under the same 
conditions the Brinel] hardness Hp Was 
measured, 

Comparison of values derived for yield 
strength and hardness with microdeformations 


€ shows that change of 9, and Hp are 
related linearly with microdeformations of 
the lattice both at room and low temperatures, 
For iron, deformed at 77°K, this relation is 
shown in Fig. 7. Results derived agree well 
with those from work [12] for cold-rolled 
iron and aluminium, It is necessary, however, 
to emphasize that in such comparisons one 
should always bear in mind that the quanti- 
ties o 7 and Hp are averaged over large 
volumes, while the microdeformations are 
measured in a layer of thickness ~ 1075cm 
for the given crystallographic direction, 
using in calculation of the microstresses 

the corresponding values of modulus of elas- 


ticity 


Fig. 7. Variation of yield strength with micro- 
deformation size for iron deformed at 77°K. 


The results derived allowed an estinate to 
be made of the average value of energy of 
elastic deformation due to the microstrepsees., 
For lead, aluminium and iron deformed by 
50 per cent at 77°K, these energies were 
about 0.02, 0.09 and 0.34 cal/mol respec- 
tively. 

Comparing these figures with values of 
latent energy of deformation for the given 
metals received by different authors [13], it 
is easy to see that as indeed we should 
expect, the energy of elastic deformation 
makes up only a fraction of a per cent of the 
whole latent energy of deformation; this 
result agrees with results published for 
non-metallic crystals [14]. 


Translated by D.G Noel 
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ELECTRON-DIFFRACTION METHOD* 


Iu.I. SOZIN 


Kazan Branch of the Academy of Sciences of the U.S.S.R. 
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Methods of obtaining and interpreting electron diffraction pictures from the 


surface of a rolled metal are examined. 


of aluminium is given. 


In investigation of the textures of worked 
metals the basic tool is the X-ray method, 

It is sufficiently simple for determining 
axial texture {1,2}, but a good deal more 
complicated for determining bounded textures, 
for example rolling texture. This applies 
both to the rotation curve method [1] and, 
particularly, to the pole figure method 

(1, 2 5]. The method where a photograph is 
taken from “reflected” electrons, judging by 
the literature [7, 8], is used only in study 
of axial texture and has for this certain 
advantages over the X-ray method. 

In the present work an attempt has been 
made to determine by electron diffraction 
methods a more complex bounded texture; 
rolling texture, In this the electron dif- 
fraction method, due to certain features of 
the diftraction of electrons [3], has as 
explained below certain advantages over X-ray 
methods. It allows a full determination, by 
a simple method, of the rolling texture of a 
cubic-system metal, from a single diffraction 
picture taken on reflection from the surface 
of the specimen. 


THE ELECTRON DIFFRACTION PICTURE OF 
ROLLED ALUMINIUM 


As determination of a single axis, which is 
the case for axial texture, enters into 
determination of rolling texture, it is 
necessary to dwell on the basic features of 
the electron diffraction picture for such a 
texture, 


* Fiz. mefal. metalloved., 8, No. 2, 240-248, 1959. 


A determination of the rolling texture 


We will examine the electron-diffraction 
picture in the form of a ‘‘section” on a given 
scale of the sphere of projections of planes 
of a textured polycrystal exactly as it is 
done for X-ray work [2] (Fig. 1). The 
specimen, in the form of a plate, is placed 


Fig, 1. Formation of an electron reflection 
picture for axial texture. O.m. is the texture 


axis. 


horizontally at the point. 0, Thus the 
texture axis is vertical and perpendicular to 
the rays which are glancing along the surface 
of the specimen. The poles of different 
planes form circles for complete texture and 
belts of positions for incomplete texture. 
For simplicity we will examine only the first 
case, 

For the electron waves the glancing angle 
@ in the Bragg formula 


2d sin = nk (1) 


is close to 0°, and if in all the calculations 
we take 9 = 0, the error will] be very small, 
The circle of possible reflections will be 


a great circle, the plane of which is perpen- 
dicular to the rays and contains the texture 
axis. 

Planes parallel to the plane of the 
specimen give a single reflection at the 
intersection of the vertical line of the 
electron diffraction picture and the corres- 
ponding Debye half-ring (the diatropic 
maximum), The remaining planes which are 
in a reflecting position give two reflections 
each at the corresponding rings. The 
diatropic maximum gives the indices of the 
texture axis immediately if the Debye rings 
are indexed, The azimuthal angle 5 on the 
diffraction picture for a given reflection 
is approximately equal to the angle p between 
the texture axis and the normal to the plane 
which gives rise to this reflection, This 
follows from Polyani’s formula 


cos = —+ (2) 


when @ = 0. 
The values of the angles can be calculated 


from the formula 


hu + ko + lw 


cosp = 


(3) 


or taken from the work [1]. In the case of 
absent diatropic maxima or parts of reflec- 
tions left unexplained the texture axis may 
be found by one of the methods used in X-ray 
work [1]. Thus the axis may be found by a 
comparison of values from tables of the 
angles calculated from formula (3) for assumed 
texture axes [u, v, w) and normals to planes 
[h, k, 1] with thevalues of the angle § found 
experimentally from the electron diffraction 
picture, 

This method gives a rapid solution if 
reflections are taken with the smallest 
possible values of the experimental angles. 
Here the field of search for the texture axis 
is appreciably lessened, since it is only 
necessary to look among the directions close 
to the plane normals which give the appro- 
priate reflections, In the case where 
reflections on the octahedron and cube rings 
are present, we also recommend finding the 
axis from two equations of type (3). There 
is also a method of finding the texture axis 
using a stereographic net [I]. 

Calculation of the texture scattering angle 


Investigation of rolling texture 


ais also simpler than in the X-ray method 
[4]. The formula used 


cos 6 cos 8 


for @ = 0 transforms to the simple formula 
(see Fig. 1) of 


(4) 


THE ELECTRON REFLECTION PICTURE FOR 
ROLLING TEXTURE 


As distinct from the axial case, in rolling 
texture there are at least two axes; in many 
cases of textures there will be more. On 
rolling, one of the crystallographic planes 
lies parallel to the surface of the specimen, 
The normal to this plane is one of the 
texture axes. It coincides with the normal 
to the surface of the sprcimen, which is 
labelled, as usual, NR. The direction of 
rolling, labelled WR, will be the second axis, 
In determining texture one must find the 
crystal directions parallel to NR and WR, and 
also to QR, the transverse direction perpen- 
dicular to the first two (in future the axes 
will be labelled with these symbols). 

Let us examine the section of a spherical 
projection, considering the rolling texture 
as two axial textures, with axes NR and WR, 
superimposed (Fig. 2). The specimen is 
Placed so that the plate is horizontal, the 
rays travel parallel to its surface in the 
transverse direction. The axes NR and WR are 
perpendicular to the beam, The circle of 
possible reflections lies in the plane cm- 
taining these two directions, 

The poles of the planes (hkl) which are in 
reflecting position must at the same time lie 
on the circles of positions of the NR and WR 
axes and on the great ~ircle of possible 
reflections, In other words, the normals to 
the reflecting planes must lie in the plane 
of the circle of possible reflections, 

In the drawing these conditions are 
satisfied by the normals of the plane (hkl). 
Although the poles of the plane (b,k,1)) also 
lie on both circles of positions, the circle 
of reflections does not pass through them 
simultaneously, and consequently reflection 
is not possible. Thus reflection is possible 
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Pig. 2. 


only from planes of zones, the axis of which 
is parallel to the beam, i.e. QR. In view of 
the small differences in glancing angle, 
given by formula (1), the always present 
scattering of texture axes, and also the 
divergence of the beam, reflections will be 
produced not only by given (hkl) planes but 
also by others with different indices, and 
consequently different values of d, belonging 
to the same zone, In certain cases, again 


due to the scattering of texture axes, ref- 
lections may be received from planes not 


lying in this ‘basic’ zone, This feature is 
useful however, in determination of the angle 
of scattering of the texture, 

Thus both the normal [hkl] to the reflec- 
ting plane (hkl) and the axes NR and WR lie 
in the plane of the circle of possible 
reflections, Since the axes NR and WR are 
perpendicular to each other, the angles 
formed by the normal [hkl] with these axes 
add up to 90°. This means that on the 
diffraction picture there will be reflections 
only from planes (hkl) the normals [hkI] of 
which satisfy this condition, while the planes 
themselves belong to the zone including the 
axis QR. The presence of such reflections is 
sufficient for a determination of texture 
axes, since for this it is not necessary to 
have reflections from all poles of the sphere 
of projection. 

The method of interpretation of the electron 
diffraction picture and determination of 
rolling texture will be understood on exami- 
nation of the diffraction picture given below 
as a concrete example. 


Formation of electron reflection picture for rolling texture. 


THE ELECTRON DIFFRACTION PICTURE OF 
ROLLED ALUMINIUM 


The investigation was carried out on a mark 
EN-4 electron diffraction apparatus with an 
accelerating potential of 40 kV with me 
focusing electromagnetic lens, Calibration 
of the apparatus was carried out by taking 
photos of magnesium oxide, precipitated from 
the vapour. Photos for this calibrating 
methdd were taken also by reflection simul- 
taneously with the substance being investi- 
gated, which considerably increased accuracy 
{12]. Non-reflection calibration photos 
would be of little use, since they would give 
an appreciably different value of the con- 
stant ZA. 

Let us examine the diffraction picture of 
rolled aluminium, with a deformation of 
83 per cent, Preliminary treatment of the 
specimen consisted of subjection to anode 
solution in a phosphorus-chromium electrolyte 
under controlled conditions (current density 
of 0.1 A/dm2, temperature 80°, time 5-16 hr), 
after which it gave a strong and sharp 
texture diffraction picture (Fig. 3). The 
relative positioning of the reflections on it 
are the same as on a weak diffraction picture 
of a similar specimen etched in HCl. A more 
detailed description of the electro-chemical 
side of the question is given in work [10]. 
In the present case only the method of inter- 
pretation of the texture of aluminium rolled 
to a high degree of deformation is described. 
Results of the interpretation are given in 
Table 1, each row of which corresponds to 


voL 
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some pair of reflections (or to a reflection 
for § = 0) of the diffraction picture. The 
interpretation is carried out as follows, 


Electron diffraction photo of cold-rolled 
deformation 83%. 


Fig. 3. 
aluminium; 


1, Measure the half-ring as usual and 
calculate from the normal formula 


Li=rd; (5) 


The values of interplanar distances d (more 
strictly d/n, where n is the order of reflec- 
tion) are compared with tables, allowing the 
substance giving the diffraction picture to 
be tdentified with that assumed (see tables). 

2. The ring can also be indexed from the 
table. In the case where indices of reflec- 
ting planes are absent these may be assumed 
in the order of growth of the squared term 
h? + k? + 12, taking into account the type of 
lattice (of extinctions, governed by the 
structural factor). 

3. Check the indexing either from the 
formula 


d= 


(a = lattice constant) or from the relation 


4190 = 
T1009 


(see table) 


4. Measure on the diffraction photo the 
azimuthal angle 5 for aI] reflections, It is 
approximately equal to the angle p between 
the unknown NR and the normal to the reflec- 
ting plane, 

5. From the presence of diatropic maxima, 
and their absence, find the assumed axis NR 


by the methods described above, In the 
present case there is one such reflection in 
the ring (022). Consequently, a direction of 
the [110] type is a possible axis. 

6. Take a given ring, for example the 
closest to the centre (111) and check the 
experimental angle § with the angle Pp calcu- 
lated [110] and the normal [111] to the plane 
(111). Try here different combinations of 
the indices [111] with [110]. For this one 
can use tables (see [1], p. 283) or calculate 
p from formula (3). 

The angle 8 differs greatly from p (35° 
instead of 25°). Consequently, in addition 
to being orientated with the axis NR, [110] 
must be orientated with other axes than NR. 

The same result is found on trying the 
(022) ring, we get 

3’ =p= 60°. 


The reflecting plane has indices (101) or 
of a similar crystalline form, giving from 
formula (3) the same angle with the [110] 


direction, 
Thus we have got a second proof that [110] 


is the axis NR. 
7. We may further find QR as the zone axis 


of the planes (110) and (101). The indices 
of it will be the minors of the matrix (i2%[. 


that is [iii] or 
8. By the same rule we find WR as the line 
of intersection (zone axis) of the planes NR 


(110) and QR (111)*, The matrix |}19| gives 


the indices of WR, [112]. 

All the texture elements are found from the 
diatropic maximum and oe pair of reflections, 
They satisfy the conditions explained above, 
that is all three directions are mutually 
perpendicular, the reflecting plane (101) lies 
in the same zone as the planes (110) and 
(112), perpendicular to the texture axes, 

9, These axes also explain the reflectims 
on the (133), (024), and (224) rings; for 
them one could repeat what has been said 
above, 

10. In finding WR and QR one may proceed a 
little differently. To be precise, using the 


* For brevity we will characterize the planes by 
their normals since in the cubic system they 
have identical indices. 
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tables of work [1], it is possible without 
calculatio to determine that the [110] axis 
forms an angle p = 60° with the normal to the 
plane (101), and the line [112], being per- 
pendicular to [110], forms with the same 
normal an angle p of 30°. Consequently [112] 
is the texture axis WR. QR may be found as 
the zone axis of any two of the three planes 
(110), (112) and (101). 

11. The larger part of the reflections 
remain unexplained however, which means there 
is a second group (or groups) of orientated 
crystallites, The NR axis of this group we 
find as follows. On the (113) ring there are 
reflections with a very small angle 8, so NR 
must be sought among the directions close to 
[113]. This method appreciably decreases the 
number of directions among which NR should be 
looked for. 

It will be found that the axis NR is [225], 
forming angles with the octahedral (111) and 
cube (001) planes equal to the angles § on 
the diffraction picture. The plane (225) did 
not give a diatropic maximum, so it must be 
on the (4,4,10) ring which is not on the 
diffraction picture. (The last ring on is 
(333) ). 


12. The axis WR [554], and the axis QR [110] 
may be found by the methcds examined, The 
presence of this group of texture axes 
explains the majority of the electron diffrac- 
tion photo reflections, whereupon agreement 
of calculated p with experimental § is very 
good. 


13. In addition, a group with orientations 
NR [110], wR [111], &nd QR [112] may be 
discovered, explaining reflections seven and 
fourteen. Thus one may draw the conclusion 
that the texture of aluminium is multiple 
with three groups of orientated crystals, A, 
B and C, 


NR WR QR 


225 554 110 
110 112 111 
110 111 112 


14, It is easy to see that all the reflec- 
ting planes in the given group belong to one 


zone with zone axis QR. For example, planes 
(001) and (331) (rows 2 and 12), orientated 
relative to the A group of axes, belong to a 
zone with zone axis [lio]. 

15. It should be noted that the reflection 
5 = 60° on the (022) ring is well explained 
both by the A group and the B group axes, 
since it comes, possibly, from planes belong- 
ing to both groups, An argument in favour of 
this conclusion is that this reflection has 
an appreciably larger intensity than the 
diatropic maximum on the same ring, 

16. The presence on certain rings only of 
reflections belonging to a given group of 
orientations is explained as follows. For 
example, on the (111) and (002) rings there 
are no reflections due to the axes NR = [110] 
and WR = [112]; calculation of the angles or 
data in work [1] shows that no normal to the 
planes f111{ or {001} forms angles with these 
axes whose sum is 90°, and consequently none 
of these planes is in a reflecting position. 

17. The texture scattering angle in the QR 
plane, perpendicular to the beam, is deter- 
mined usually from the angular width of the 
reflections (formula (4)). For example, for 
A orientations it has a value of the order 
of 5-7°. 

Interpretation of the electron diffraction 
picture and determination of texture is 
basically complete, One should dwell further 
on exceptions which occur to the arrangement 
examined, 


REFLECTIONS FROM PLANES NOT BELONGING TO 
THE BASIC ZONE 


On our diffraction picture there are two 
pairs of such reflections, explained by the 
B group axes, on the (133) and (024) rings 
(see rows 11 and 13). The planes giving them 
do not match up with any group. Assumption 
of the presence of other orientations also 
does not explain then, In both cases the 
experimental angle § appreciably departs from 
the calculated angle p. These reflections 
belong, evidently, to planes not belonging to 
the zone with axis QR, but which due to the 
texture scattering none-the-less fali in a 
reflecting position. For this these planes 
must form a small angle with the beam 
direction, that is QR. 
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Let us take, for example, the reflection 
No. 11( 8 = 13°, @ = 10°), the reflecting plane 
(331) and find this angle, The plane passing 
through the beam direction [i11) and the 
normal [331] to the reflecting plane we find 


using the matrix |441|, which gives (123), 
Similarly we find the line of intersection of 


this plane and the reflecting plane ie 


gives [11,8,9]. The angle between this 
direction and the [111] direction will be 
that sought, equal to 7°. The size of this 
angle gives an idea of the scattering of the 
texture axis in planes which are perpendi- 
cular to the film plate and which contain 
the beam, This cannot be determined directly 
with a photograph taken with a beam passing 
in the cross direction, In the given case 
the angle of scattering in the (123) plane is 
evidently not less than 7°. Since this plane 
is close to the plane WR, (112), then in the 
latter this angle will be approximately the 
same, as may be shown by direct calculation, 
For simplicity we find this angle in the wR 
plane. 

There remains to be explained the displ ace- 
ment of the reflections, that is the differ- 
ence between 8 andp. For this we will take 
the line of intersection [123] of the ref- 
lecting plane (331) and the plane QR (111), 
we find the plane (541) passing through the 
QR direction [{f11) and the line [123]. The 
plane (541) belongs to the basic zone with 
axis [111], that is, is in a reflecting 
position, If there were a ring on the 
diffraction picture (10,8,2), there would be 

A 
found on it reflections with = (sa) = 
= 11°, If the plane (541) had an interplanar 
distance the same as the plane (331); then 
there would be a reflection on ring (133) 
with such a. Both are non-existent. In 
actual fact, due to texture scattering, part 
of the (331) planes are positioned as in 
ideal orientation the (541) planes are 
positioned, and so give an angle § =~ 10°. 
The same result is derived if the angle 
between the lines [123] and wR [112] is found, 
For simplicity of calculation we should 
proceed just so, The displacement of reflec- 
tion No.13 from (120) plane is explained 
similarly. Angle § = 12°, calculation gives 


p= 18°, the angle found by the method 
described gives p= 11°20'. The angle p’ 
for these two reflections, and also corrected 
angles with a second axis are give by the 
second figure with a dash, 

Such an interpretation of reflections must 
necessarily be made with great care, since 
behind such "extra" reflections may lie 
undiscovered orientations, 


DISCUSSION OF RESULTS 


On the question of the rolling texture of 
aluminium the X-ray literature evidence 
[5, 6, 9, 11] is not in full agreement, 

Orientation B was found in the majority of 
works, being the most stable, and taken as 
basic, Often the orientation (112) [i1i],* 
close to orientation A, is found, A recent 
work [11] contains the following indefinite- 
ness. It was found that parallel to the 
plane of rolling is the plane (112) or (113). 
But the plane (225) lies between them, and 
evidently by its determination this 
indefiniteness is removed, The C orienta- 
tion has not been noted by X-ray methods, 
covered up, possibly, by the other stronger 
orientations, It has been established 
((6], p. 497), that rolling may be examined 
as a superimposition of a compression normal 
to the rolling plane and a stretching in the 
direction of rolling. Orientation C serves 
as an expression of this position, it appears, 
in so far as compression and stretching of 
aluminium are characterized by axial textures 
with axes [110] and [111] respectively. 

The good agreement of experimental results 
for all rings and reflections with those 
calculated allows us to think about the 
correctness of the orientations found, 

The question arises, is it justifiable to 
speak of the texture of a metal on the basis 
of the texture of its surface? It has been 
established ( [6], p 498) that leaves of a 
thickness up to 1 mm have a unifom cross- 
sectional texture. In the case examined the 
specimens had a thickness of 0.25 mm and 
less, Consequently, the texture of the deep 


* The abbreviated texture symbol: first, the 
plane parallel to the plane of rolling, second, 
the direction parallel to the direction of 


rolling. 
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layers is the same as the surface, 

In thick leaves the cross-sectioral 
textures were different [6], but in this case 
the electron diffraction method is useful 
since in many cases the surface texture is 
important, and not the deep layers, 

The electron diffraction method in the form 
applied has certain advantages over the X-ray 
method. It has the characteristics: 

(a) Comparative simplicity of texture 
determination method 

(b) Accuracy of determination of the axes 

(c) The determination is made from all the 
Debye rings on the photograph, They are 
governed by the fact that, firstly, electron 
waves have a very short wavelength, the 
glancing angles are close to zero, the beam 
travels parallel to the surface of the 
specimen and reflection is from the planes of 
a zone, the axis of which is parallel to the 
beam; secondly, the combination of these 
factors creates favourable conditions for 
getting a simple diffraction pattem, 

Thus investigation of a limited texture, in 
particular the rolling texture of a cubic 
systen metal, may be carried out with a 


single electron diffraction photograph, 
taken by reflection in a transverse direction. 


Translated by D.G. Noel 
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VARIATION OF INTERNAL FRICTION AND COEFFICIENTS OF 


ELASTICITY 


IN PURE IRON WITH TEMPERATURE* 


v.M. AMONENKO, B.I. SHAPOVAL and V.V. LEBEDEV 
Technical Physics Institute of the Academy of Sciences of the Ukr.S.S.R. 
(Received 9 June 1958) 


Apparatus was constructed and the temperature dependence of internal friction, 
Q°1, in high-purity iron was measured. The value of (-!for pure iron was 
appreciably higher than for Armco iron or other sorts of iron investigated 


earlier. 


The internal friction of many metals has 
been studied in comparative detail for 
materials of purity 99.99 per cent. Iron of 
such a degree of purity has not been studied, 
and measurements of its internal friction 
have been made either on Armco iron (99.7 per 
cent pure [1] or on Puron [2]. This latter 
had a very small non-metallic impurity, 
excluding oxygen, the content of which was up 
to 0.04 per cent, 

To study the nature of the internal fric- 
tion peaks of iron it is necessary to make 
measurements on metal of higher purity. 


PREPARATION OF SPECIMENS AND 
METHOD OF MEASUREMENT 


The specimens were prepared from pure iron 
prepared by vacuum distillation, by a method 
devised in the Technica] Physics Institute of 
the Academy of Sciences of the Ukr. 
Purification of iron from impurities by this 
method involved distillation in a high vacuum 
and condensation of the metal vapour on a 


surface heated to 1200-1300°. The iron 
vapour was condensed out in a condensation 
colum fixed directly on the vapourizing 
crucible, 

The surface of the condensation co] umn was 
covered with pure iron foil, previously 
annealed in a high vacuum, Along the axis 
of the colum, in the shape of a truncated 
hollow ceramic cone, there was a temperature 
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gradient. In the lower part of the colum, 
close to the crucible, the temperature 
reached 1300°, and in the upper part, 1100°. 
Such a temperature distribution along the 
height of the column was achieved by the 
appropriate thermal] shielding, and also by 
independent heating with a resistance 
furnace. With the given temperature gradient 
the purest iron condensed out on the lower 
and middle zones of the condensation surface, 
and it was this that was used in the present 
work, 

Vapourization took place at 1600° from an 
alundum crucible. The resulting iron con- 
densate was remelted in a high vacuum and 
poured into a cast-iron mould, Ingots 
weighing 5 kg were cut into pieces 120 mm 
long with a cross-section 15 x 15 mm, from 
which the specimens were later prepared, 

Plastic deformation of the iron investigated 
did not occur, since for this it would be 


essential that the iron be heated in air to 
become contaminated with gaseous impurities, 


The percentages of the main impurities in the 
iron are show in Table 1, 

Before measurement the specimens were 
annealed in a vacuum of 10~5mm Hg at 900° 
for 2 hr and cooled together with the oven. 

Measurement of interna] friction was made 
by counting the number of free torsional 
oscillations the specimen made before its 
initial amplitude of oscillation was reduced 
to half, 

The specimens were fixed rigidly by one end 
in the stand, They were prepared in the form 
of cylinders of dia. 10 mm and length 100 mn, 
The working part of the specimen was a part 
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TABLE 1 
Percentage of main impurities in iror 


Metals Cc 0, N 2 


P Mn Mg Ni Al 


0.011 
0.001 
0.003 


Armco iron .. .. ..| 0.04 
Vacuum-prepared iron 0.03 
Distilled iron .. 0.003 


0.003 | 0.03 
0.0005} 0.003 
0.0001} 0.001 


0.005 
0.005 
0.001 


0.01 0.14 | 0.001 | 0.01 
0.001 | 0.0054] 0.0001} 0.01 
0.001 | 0.0007 | 0.0001] 0.008 


in the centre of length 20 mm cut dow to a 
dia of 3 mm. Such a form of specimen 
allowed harmful losses in the supports to be 
reduced to a minimum, and also excluded the 
supporting areas from the temperature zone on 


Fig. 1. Layout of apparatus. 


heating the specimen [7]. 

The internal friction of iron was measured 
in a vacuum with the intention of excluding 
losses due to air friction, and also to 
avoid formation of an oxide film on the 
surface of the iron during heating. To 
decrease undesirable energy losses of the 
deformed specimen 1, due to its fixings at 
the clip 2 and the body of the apparatus 3, 
the whole was suspended from supports by the 
thin cord 4 [3]. The layout of the experi- 
ment is shown in Fig. 1. 

The lower part of the specimen was fixed by 
a clip to the cross-member 5, by means of 
which the initial oscillation of the specimen 
was produced, 

The specimen was heated by the resistance 
heater 15, of double-wound tungsten wire on 
an alundum former. 

To cut down radiation losses the heater was 


shielded by sheet molybdenum screens, 
temperature was controlled with a platinum- 
rhodium thermocouple. Non-uniformities 

in heating along the specimen did not exceed 
5°. Oscillations were excited on the self- 
oscillating system principle [4]. Oscilla- 
tions of the specimen caused a periodic 
change in capacitance of the condenser 6, the 
moving plate of which was fixed to the cross 
member, and the fixed plate to the case, 
Changes in the capacitance of the condensers 
were changed by the transformer 7 into elec- 
trical oscillations, These oscillations were 
fed through the power amplifier 8 and the 
output transformer 9 to tw solenoids 10, 
which, attracting to themselves the cross- 
beam’armature, rotated the specimen (in the 
diagram one solenoid only is shown). 

Use of solenoids instead of electromagnets 
allowed losses due to movement of the cross- 
beam armature in the residual magnetic field 
of an electromagnet to be cut out. In 
addition, use of the capacitance pick-up 
instead of an induction feeler excluded 
energy losses due to movement of the feeler 
in a magnetic field 

All the above measures significantly 
lowered losses in the apparatus and increased 
the sensitivity of measurements. Thus, in 
specimens having a low internal friction, 
values of Q—!=7—8.10 were received. 

In the measuring channel, a system proposed 
by Tsobkallo and Chelnokovyi [5] was used. 
The system consists of a linear amplifier 11, 
a voltmeter 12, an amplitude discriminator 
13 and a scaling circuit 14. Use of this 
method allows a lot of information to be 
collected and combines speed of measurement 
with good accuracy. The frequency of oscil- 
lation of a specimen at room temperature was 


40 c/s, 
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Measurement was made as follows: on 
switching in the excitation channel the 
specimen-pick-up-solenqid system oscillated 
at the resonant frequency. 

The amplitude of the oscillations was 
regulated by the excitation current and 
measured by the voltmeter 12, previously 
graduated in amplitude measurement wits, In 
these measurements the maximum angle of rota- 
tion of 3° corresponded to a value of 100 V. 

The corresponding threshold of discrimina- 
tion was fixed, thenthe excitation system was 
switched out and simultaneously the scaling 
circuit switched in. Thenumber of oscilla- 
tions corresponding to a fall in amplitude of 
hal f was counted onthe scaling circuit scale. 

All measurements were made at a relative 
deformation at the surface of the specimen 
not exceeding 5 x 1075, The deformation 
caused by the weight of the cross-arm did not 
exceed 107$, 


RESULTS OF THE EXPERIMENT 


Curves 1 and 2 of Fig. 2 show the change in 
internal friction with temperature for pure 
iron, curve 2 referring to change in @! for 
a specimen in a magnetic field, From curve 1 
it: follows that the internal friction of pure 
iron is almost unchanged in the temperature 
range 20-300°; beginning at 300° it regu- 
larly increases, showing the typical trend of 
a specimen with large grains. 

Also the absolute value of internal fric- 
tion at room temperature is appreciably 
higher than for Armco iron and for other pure 
metals and amounts to 5 x 1073, 

As we know, on excitation of elastic oscil- 
lations in ferromagnetics there occurs within 
them a periodic change in orientation of the 
resultant spins of the areas of spontaneous 
magnetization. Due to this there occurs 
hysteresis of deformation relative to 
mechanical stress, causing damping of the 
elastic oscillations, 

As a check that the abnormally large 
interna] friction of pure iron is caused by 
magneto-mechanical hysteresis, and not by 
energy losses in the apparatus, measurements 
were made with an applied external magnetic 
field of 100 oersted, 

Results of these measurements are shown in 
curve 2, from which it is seen that @! with 


an applied magnetic field decreases by more 
than an order of magnitude, being 4 x 107 at 
room temperature. The character of the 
overall trend is retained, 

According to Akulov’s theory, the conclu- 
sions of which were. confirmed experimentally 
by Gorskii [8], losses on magneto-mechanical 
hysteresis are proportional to the cube of 
the amplitude, and for a relative deformation 
of 1075 must be insignificant. 

Actually, as results of other authors and 
our results below, show, in the case of Armco 
iron magneto-mechanical hysteresis losses for 
a deformation of 1075 do not make any 
appreciable contribution to internal] friction, 
which is due to other factors, It is obvious 
that in this case a domain boundary, locked 
by impurity atoms in the iron, is not in a 
condition to be displaced by such a smal] 
stress, 
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Fig. 2. Dependence of internal friction on 
temperature for pure iron, without a magnetic 
field, and with a magnetic field of 100 oersted. 


In the case of pure iron however, in which 
there are appreciably fewer impurities, such 
a displacement is possible even under the 
action of a very small stress, 

From curve 2 it is also sea@m that applica- 
tion of an external magnetic field reveals a 
small internal friction maximum in the region 
75-100°, 

To elucidate the nature of these maxima 
measurements were made on ordinary Armco 
iron, the results of which are show in 
Fig.3 (curve 1). Internal friction in Armco 
iron has a maximum in the same temperature 
range, but ir absolute magnitude this maximum 
is much bigger. The identical position of 
both these maxima points to the fact that 
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they are of the same nature. 

Iun Pao-tsui and Ke Tin-sui [6], studying 
internal friction in Armco iron, detected 
just such a maximum, caused by disp] acement 
of intrusion carbon atoms in a stress field 
at a temperature of 35-40°,. They measured 
@ at room temperature and oscil lation 
frequency of 2 c/s. Since on increasing 
frequency an interna] friction maximum for a 
relaxation process of this type must be 
displaced onto the high-temperature side, 
then as calculation shows at a frequency of 
40 c/s. it should be found at a temperature 
of 80-90°, which coincides with results found 
From this we may conclude that the maximum on 
curve 1 of Fig. 3, amd consequently of curve 
2 on Fig. 2, is caused by intrusion atoms of 
carbon. 
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Fig. 3. Temperature dependence of internal 
friction for iron of various purities. 


Comparing the heights of the peaks, one may 
determine carbon content in a solid solution 
for pure iron, It turns out equal to 0.002 
per cent, Results of chemical analysis give 
a value of 0.003 per cent. Evidently not all 
the carbon in the iron is in a solid solution, 
It is possible that part of it is adsorbed in 
the mass of a grain. The nature of the 
adsorption zones is not clear. Iun Pao-tsiu 
and Ke Tin-sui [6], for example, make the 
suggestion that crystal defects act as 
adsorption zones, 

Curve 2 of Fig. 3 shows the temperature 
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dependence of intemal friction for Armco 
iron remelted in a vacuum, 

From the table it is seen that remelting 
appreciably lowers the content of gases and 
volatile impurities, a fact expressed by the 
position of curve 2 relative to curve 1 of 
Fig. 2. Curve 2, while retaining the same 
shape as curve 1, is a good deal higher. 
Such an increase in the background of the 
internal friction is caused, evidently, by 
magneto-mechanical hysteresis losses which 
increase with increase in purity of the 
material, in particular with the elimination 
of gases and non-metallic inclusions, As 
reme]ting in a vacuum eliminates carbon only 
to an insignificant extent, the peak due to 
the presence of carbon is in this case fully 
retained. 

Curve 3 of Fig. 3 is curve 1 of Fig. 2 and 
is drawn here for comparison. Comparison of 
curves 1,2, md 3 of Fig. 3 shows graphically 
the change in magnetic properties of iron 
with increasing purity. 


THE ELASTIC CONSTANTS 


This method of determining internal fric- 
tion allows us to measure the modulus of 
rigidity of the metal investigated with good 
accuracy, by finding the frequency of free 
torsional vibrations. In calculating the 
moduli of elasticity the resonant frequency 
of torsional and bending vibrations is deter- 
mined and these subsequently converted to G 
and £. 

As in the case of intemal friction 
measurements, the system is excited at the 
resonant frequency, and the specimen com- 
pletes oscillations in a strictly determined 
given time. The number of oscillations 
corresponding to the given time is counted 
and recorded by the scaling device, 

The accuracy of measurement of the 
frequency determined in this manner is very 
high and depends only on the accuracy of the 
stop- watch with which the time of the experi- 
ment is determined. 

The results of the measurements are given 
in Fig. 4, from which it is seen that the 
value of the modulus of elasticity £ for pure 
iron decreases almost linearly with tempera- 
ture, a smal] deviation which is visible 
beginning only at 600°. The same applies to 
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the modulus of rigidity G. From the tempera- 
ture dependence of E and G was found the 
relation for Poisson’s ratio. 

In Fig. 4 results for £ and G are show by 
dotted lines, taken from the work of Garber 
and Kovalev [7] investigating the moduli of 
elasticity and rigidity of Armco iron. The 
differences in the curves, particularly in 
the temperature range above 450°, may, it 
seems, be explained by the specimens having 
different degrees of graininess, In our case, 
that is for specimens with coarse grains, 
stress relaxation on the grain boundaries is 
insignificant, while in the case of fine 
grained structures it reaches an appreciable 
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Fig. 4. Variation of elastic constants of pure 
iron with temperature. 


value, leading to a decrease in the values of 
the moduli. 


It is possible also that here a difference 
is shown up in the vibration frequencies at 


which the measurements were made, 


CONCLUSIONS 


1. The variation of intemal friction of 


iron (99.99 per cent) with temperature is 
similar to the variation of other metals on 
measurement with coarse-grained specimens, 

The absolute value of internal friction 
over the whole temperature range investigated 
is several times higher than that for Armco 
iron, and also that for other metals 

2. The high value of @! for pure iron is 
caused by losses in magneto-mechanical 
hysteresis, arising upon periodic deforma- 
tions in a region of very small stresses, 

Application of an external magnetic field 
lowers the size of the internal friction by 
more than an order of magnitude. 

3. Not all the carbon in pure iron is in 
the form of a solid solution. 

4, In the temperature range 2-700°, the 
ordinary modulus of elasticity and the 
modulus of rigidity vary almost linearly. 


Translated by D.G Noel 
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DEFORMATION OF A PLANE SOLID BODY ON PHASE TRANSITION* 
A.M. KOSEVICH and L.V. TANATAROV 
Technical Physics Institute of the Academy of Sciences of the Ukr.S.S.R. 
(Received 25 June 1958) 


A study was made of the deformations and stresses caused by the movement of 
the boundary between two solid phases of different specific volumes. It is 
assumed that the relative change in volume of a body upon phase transition 
exceeds the values of deformation corresponding to the limits of elasticity for 
both phases. The residual deformations of the specimen are calculated after 
full transition of its structure from one phase to the other. 


Recently there have appeared a series of 
works devoted to investigation of the change 
in shape of a solid-body specimen upon 
allotropic transformations [1]. A theoretical 
examination of this phenomenon is comp]icated 
to a large extent by the large number of 
factors influencing it, and also by its 
dependence on the very kinetics of phase 
change, 

In the present work an attempt has been 
made to evaluate deformation of a flat solid 
specimen on the basis of a purely macroscopic 
examination of mechanical stresses and defor- 
mations due to change of specific volume with 
change of phase. 


SECTION 1. STATEMENT OF PROBLEM 


We will examine an isotropic layer of 
infinite extent of a solid body of thickness 
2h. Let the body be in the solid phase I, 
and let the surface of the specimen be sub- 
jected to a uniform heating so that the 
temperature of the surface attains, and then 
exceeds, the phase transition temperature re 
to the solid phase II, Then when T ST, in 
the specimen, layers of the new phase II will 
be formed, beginning at both surfaces (the 
transition I -»II is beginning), whereupon 
the phase interfaces,** as is seen from 
symmetry considerations, are planes at an 
equal distance from the median plane of the 
specimen. If we choose a system of co- 
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ordinates so that the axis OX is perpendicular 
to the plane of the layer and the origin is 

in the median plane of the specimen (Fig. 1), 
then the interfaces will correspond to 

x= 

In the study of the deformation of the 
specimen we will assume that thermal stresses 
are negligible compared to stresses caused by 
the change in specific volume upon phase 
change. This allows us to examine indepen- 


xX 


- 
\ 


X=-h 


Fig. 1. Disposition of the boundaries between two 
phases (x = + x5) in a layer of thickness 2h. 


** It is obvious that one can talk about the inter- 


face of two phases only in the case of a slab 
the thickness of which exceeds a certain limit- 
ing value, depending on the surface heating 
conditions and on the kinetics of the phase 
transformation. Since a phase change can take 
place in a fixed temperature interval AT near 
T, then, for example, on heating at a constant 


rate such a limiting value of the thickness h 
is VyAT/S, where X is the coefficient of 


thermal diffusivity and S is the rate of heat- 
ing. 
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dently the problem of thermal conductivity 
(the problem of the speed of movement of the 
phase interface) and the problem of the 
deformations of phases I and II. 

The rate of movement of the phase interface, 
that is the dependence of x, on time t (x, = 
=x, (t) ), we will find from the known 
solution of the plane problem of freezing 


[2]. It turns out that h—xg=2 where 


a is a coefficient depending in a complex 
manner on the coefficient of thermal conduc- 
tivity and the thermal diffusivity of both 
phases and on the latent heat of the phase 
transition, 

Thus our problem boils dow to a determina- 
tion of deformations u;, and stresses @ ;, in 
the slab for a given position of the phase 
interface 

We will denote the relative change in 
volume of the body on occurrence of the 
transition I II by 3€,, where €, is the 
relative change in linear dimensions of the 
body (for convenience we will take €,—>0). 

Having fixed our aim of investigating the 
purely mechanical side of the phenomenon, we 
will assume the following mechanism of move- 
ment of the phase interface. 

Let at the boundary x= x, an infinitely 
thin deformed layer of phase I go over to 
phase II. After transition to the new phase 
the layer of solid is ‘“‘stuck’’ to phase I. 
We will find the geometrical deformation of 
this phase II layer so that the undeformed 
state corresponds to the state in which a 
layer would be after a free phase transition 
(i.e. upon a relative change of volume of 
—3e o). Then the transition of the layer to 
phase II will be accompanied by an additional 
extension along OY (or OZ) by the relative 
value of €,- We will go over to a 
mathematical formulation of the problem for 
the phase change I-+ II. 

It is clear that stresses and deformations 
depend only on the co-ordinate x, that is 
they are even functions of x. Also we can 
take it that all oblique elements of the 
tensors of deformation and stress are equal 
to zero. The in the absence of three- 
dimensional forces the single equilibrium 
equation will have the form 


dx 


plane solid body 


To this one must add the single non- 
identical equation of consistency 


dx? (2) 
Due to the fact that the phases have 
different properties and are under different 
physical conditions, one must examine two 
regions: the regions of phase I (0 <x < 
and the region of phase II (2, <x <h). 
Quantities referring to the phase I (or II) 
regions we will denote by the corresponding 
superscripts, 
Let us formulate the boundary conditions, 
1. Absence of an external force on the 
upper and lower surfaces 


= 0 when x = A. 
2. Absence of a principal vector of 


external forces at the ends 


h 


J + J =0. 


0 
3. Continuity of O14 at the phase inter- 
face 
I Il 
Oi, when X = Xp. (5) 


4. Discontinuity of the components Uno at 
the phase interface due to the change of 
specific volume with change in phase 


I 
— Uo2 = & when X = Xo: (6) 


From equation (1) and boundary conditions 
(3) and (5) it follows that o/, = =0. 


= are non-zero components, To 
determine G59 (and also the elements of the 
tensor u;,) it is necessary to establish the 
connexion between the tensors Oo ;, and u;,. 
Since we have assumed that the deformation 
and stresses arising upon phase transition 
exceed the elastic limits of the substance, 
the connexion between Oo ;, and u;, can be 
linear, and is dependent on the type of 
deformed state of the body (loading or 
unloading). 

Since the layer of phase II is created 
extending in the yoZ plane, then in propor- 
tion to the movement of the phase interface 
into the depth of the specimen it will be 
constrained in this plane, that is, its 


deformation ue will be lessened, the phase 


I stuck to it being simul taneously compressed, 
Thus it is clear that the change of deformed 
state upon movement of the phase interface 
corresponds to loading in phase I and 
unloading in phase II. From this the rela- 
tions between o;, and u;, will be different 
in phase I and II, 

In the phase I region (the inner layer), 
the condition of load, according to the 
‘unified curve” hypotheses [3], may be 
presented in the form 


— = By (232) (7) 


where 81 (ao) denotes a certain function 
independent of the type of loading. To 
equation (7) should be added the elasticity 
relation between relative change in volume 
and hydrostatic pressure in the body 


+ = 2K, obo, (8) 


where Ky is the compressibility factor of 
phase I, 

From (7) and (8) one can express ot, in 
terms of 


= tp, (452). (9) 


The function P(e), generally speaking, 
may be arbitrary, but we will assume that for 
smal] values of u it has a linear relation 


=a,u for u—+O0, (2, =const). (10) 


In the phase II region (outer layers) we 
must use the unloading relations, First we 
will assume that the residual deformations 
and stresses correspond to elastic areas (the 
other possible case will be examined in 
section 5). Then we may take the relation 
between stress and deformation to be linear 


II I II II 
399 — ag. = % =const (11) 


(o Tt and ull are those values of oil and 
ubl with which loading begins in the phase II 
region). Strictly speaking, equation (11) 
describes mloading only for oy) > 0. If 
o},<0,then in phase II loading, of the 


opposite sign, occurs. But on the strength 
of the assumptions made above about residual 
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deformations, loading in phase II, following 
immediately on unloading, is also described 
by equation (11). 

Since the onset of loading corresponds to 
the phase interface, 


11 I 
922 = 99, for X=X%. (12) 


Sincé o = and an? arise upon formation of 


the new layer of phase II, which is accom- 
panied by appreciable geometric deformation 
at the boundary x = x, then oJ! and ul! must 
be connected by a non-linear relation, * 


an = (u9). (13) 


The relations (9), (11) and (13) together 
with*those given at the beginning allow us to 
determine the deformations and stresses in 
both phases, 


SECTION 2. ANALYSIS OF DEFORMATIONS AND 
DISPLACEMENTS 


From equation (2) it follows that 
=X Udy = (14) 


where a and b are constants, 
First region (0 ¢ x < Since must 
be an even function of x, then a, =0 and 


= 6, = const. (15) 


From (15), and also from (9) and (€) it is 
easy to find the component Sis which turns 
out to be constant, and consequently 


uy +f (x), (16) 


where fy and fy are arbitrary functions. 
Putting 


ul = 0 for x =0, uh =0 for y =0, 


we get from (16) 


* We assume that on change of phase all non- 
elastic stresses in phase I are removed, but 
elastic stresses may remain. Therefore 
reconstruction of the crystal on change of 
phase in a thin layer of it is accompanied by 
elastic stresses which lead to the appearance 
of the initial linear part of the curve 
= (u). 
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uy = Ux, (17) 


Second region (x, <x <h). From (14) 


assuming that 


it follows that 


= (agx +b) y. 


If we take into account that att =0, then 


from (18), it is easy to derive 


(18) 


II 


uy =— aay" + (19) 


Since ull = const.,, then the displacement 


ull at x = x, must be independent of y. 
this it follows that a) = 0 and therefore 


From 


ib» = 6, = const. (20) 


From relations analogous to (8), and 
equation (11), it is possible to find ait 
independently of (19), allowing us to find the 
arbitrary functipn fg(x) in (19). It turns 
out that 


x 


ui = — 1) box + (30 ) dx + 


+ const, = bay. (21) 


The constaht in (21) may be found from the 
condi tion 
I 


SECTION 3. RESIDUAL DEFORMATIONS AND 
STRESSES IN THE SPECIMEN 


For a solution of the problem it is 
necessary to find the constants b; and bo, 
and also the unknown function v(x) = ull (x), 
The constant b5, it follows from (12), is 
given by the value of the function v(x) at 
the point x = x, 


bo =v 


The constant 6, is expressed in terms of bo 
from (6). Thus the problem reduces to find- 
ing the function v(x). Using the boundary 
condition (4), we get an equation for v(x) 


(Xq) — eo] — + (22) 


h 
+ [92 (v (x)) — (x)] dx = 0. 


Differentiating (22) with respect to x, and 
grouping the terms, we have 


%2(V) — (v—e9) — (UV — — Xp + 


(23) 


agh} = 0. 


As (23) fixes v as a function of x,, in 
future it will be convenient to denote the 
argument simply by x. 

Considering v as an independent variable, 
we look for x as a function of v. Then from 
(23) we have 


dx 


— — p,(v)x (V), (24) 
dv 


(0 — &) — 


(v) = 


agh 
(v) — vy -- &) 


= 
9; (Vv) (25) 
We will write the solution of equation (24) 
in the following form: 


x (v) = exp F, (v)] {4 — 


(v’) exp | F, (v’)| dv’} 


F,(v) = p, (v’) dv’. 


Here the obvious condition x (€ 9) = h is used. 

Formula (26) expresses the function v(x) in 
an implicit form, 

We will calculate the residual deformation 
alt corresponding to a position of the 
boundary x, = 0, that is the quantity »(0). 
To do this we put x(v) equal to zero and get 
an equation for v(0). 


fo 
h= \ a, (v) exp [F, (v)] do. (27) 
v (0) 
Substituting the expression q,(v) from 


(25), this equation can be written in the 
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={ F, (v’) due 
(V') — — £9) 
v(0) 


(28) 


It is characteristic that the residual 
deformation of the specimen in the YOZ plane 
(the quantity v(0) ) does not depend on the 
thickness of the layer hA and is fully 
defined in terms of the relation between 
stress and deformation in both phases*. 

It is easy to check that if €, does not 
exceed the limits of elasticity of phase II, 
i.e. if then o(0) =0. It is 
very easy to see this by putting (28) in a 
somewhat different form 


(Eo) 


“3 ( 29) 
£9 
tg — Py (0’) 


= | exp\— 
P| 
v (0) v 


du 


In other words, for elastic deformations in 
phase II the specimen takes up exactly that 
shape that it would have after simultaneous 
phase transition throughout its whole thick- 
ness, This result is completely independent 
of the type of function wp ,(v), that is of 
the properties of phase I, 

To elucidate the limits within which v(0) 
must be, we will assume that the function 
P o(v) regularly increases and its graph is 
similar to the curve show in Fig. 2, that is 
we will consider that 


0< 95 (uv) < (0) (30) 


Using the inequality (30), it is easy to get 
from (29) that 


(0)<eo[1— (31) 


Asko 


The physical significance of the quantity 


= ey 1— can be appreciated from 
Ago 


Fig. 2 

On the other side, it can be show that _ 
v(0) > 0. For a more obvious confimation of 
this inequality we wil] examine first the 
residual stresses in the specimen. According 
to (11), the residual deformation, o $5", is 


* See footnote on page 83. 


given by the formula 
ocm 
= (0) + (32) 


Since for x, =-0 the whole specimen is in 
phase II, from (4) it follows that 
h 
359 ax = 0, 


0 


vat 


Fig. 2. Graph of stress o against deformation v 
arising in a new phase (continuous line) and of 
unloading law (dotted line, passing through the 
point 


which is possible only in the case where a5", 
as a function of x, changes sign between 
x=0 and (or oo = 0, but this is 
possible only for elastic deformations, when 
v(0) = 0 and g,(v) = a,(v). As follows from 
(30) and (32), cs can change sign only at 
v(0) > 0. 

Thus for inelastic deformations 


the equal sign applying only for elastic 
defomations, This means that the longitu- 
dinal dimensions of the specimen (dimensions 
in the yoZ plane), after the phase change 
examined, where the boundary of phase transi- 
tion moves from the surface, exceed the 
dimensions of a specimen in which the phase 
transition was completed simultaneously 
throughout its whole thickness, 

As to residual deformation in the trans- 
verse direction (in the direction of the axis 
OX) this is determined from formula (8), 
using (32). From this formula it follows 
that wt is a function of x, that is differs 
along the thickness of the slab, 


Deformation of a plane solid body 


SECTION 4. RESIDUAL DEFORMATIONS AND 
STRESSES IN THE REVERSE PHASE 
TRANSITION (II —*1I) 


Let the specimen go back again from phase II 


to phase I (II-*I). It is assumed that the 
phase interface moves as before from the 
surface into the specimen, The process of 
deformation on reverse phase transition 
depends essentially on the initial mechanical 


state of the specimen (before the phase inter- 


face is created). We will assume that before 
the reverse phase change the specimen is 
subjected to prolonged annealing, as a result 
of which residual stresses (from the direct 
transition) are completely removed, It is 
necessary first to explain what changes in 
mechanical state annealing leads to. We will 
consider that on annealing (relaxation) the 
relation between stress and speed of defor- 
mation is given by Maxwell’s equation 

(B, and B , are multiplying constants 
characterizing the material of the specimen). 

From the saint tenant equation of consis- 
tency (formula 2 it follows that uy, is inde- 
pendent of xz, i.e. 


= 0. (35) 


Also condition (4) must be satisfied 


h 
j (x, t) dx = 0. (36) 


6 
Integrating (34) with respect to x from 0 
to h for given t and using (35) and (36), we 
get 
ot At 


Thus %.. * v(0), i.e. Uno is unchanged as 
a result of annealing. 

Differentiating (34) with respect to x and 
using (35) and (36), it is easy to see that 
o.5 increases exponentially with time (as 


exp i )) . The changes in volume are 


elastic so the relation* o,,=3Ku;;, is also 


* This relation is also a consequence of Maxwell’ s, 


or other more general, equations describing 
relaxation processes. 


correct for the relaxation medium, i.e 


= 3K (Uy, + 229). 


After annealing however 7,..° 0, conse- 
= -2u,, or in our case 
-2v(0). 

Investigation of deformation and stresses 
in the specimen on reverse phase transition 
from phase II to phase I is made just the 
same as the investigation of tl.2 direct 
process (I-»*II). The only change is that in 
all the formulae the superscripts denoting 
phase I or II change places. The condition 


us, =e, at the phase interface, 


however, is unchanged. As a result the 
following equation is derived for the 
function w(x) = 22 (xo is the co- 
ordinate of the phase interface) 


(W(X) +29) + (4 — x) w(x) + 


h 
+ [w — dx = 0. 


Making ea calculation similar to that given 
in Section 3, we find the equation giving in 
an implicit form the relation w = w(x,): 


Xy(w) - exp[— Fz (w)] {h — 


F, (w) = { dw’, 


a, — (w + 
he (w + &) — 91 (w) 
be (w + &9) — $1 


Pz (w) = 


= 


Putting x,(w) = 0, we get the equation for 
residual deformations = w(0) 


w(0) w 


be (w’ + €o) — $1 (w’) 


ay 


(39) 


Similarly to the above (see Section 3), 
from (39) it follows 


0 > w(0) > —e,]1— (40) 
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examination was the assumption that residual 
deformations after the phase change do not 
exceed the values corresponding to the limit 
of elasticity. The mathematical expression 
uo = (0) + w (0). (41) of this was the linear variation of stress 
with deformation in the new phase, It is 


Unlike u2S", the total residual deformation obvious that such an assumption may be 
before annealing wt is a function of «x. unjustified for a large difference in 

We will give the expression for total specific volumes of the two phases, that is 
residual deformation «5" for the case when for a large value of €,, when after unload- 
the stress-deformation curve of the reformed ing there may occur considerable loading in 
phase consists of two parts: an inclined the new phase, 
part corresponding to elastic deformation, We will examine a specific case when 
and a horizontal part corresponding to eo >é,, and the variation of o,, with u,, 


inelastic deformation (accompanied by recon- in the phase II region (see Section 1) 
struction of the lattice) cmnot be linear for o,, <0 (for loading), 


For simplicity of calculation we will assume 
¢ (u)=au, (O<u< e,); that the deformation process is described by 
the following relations, The curve 
(uw) =o, = const; (u>e,). = Po(U,2), relating to the loading of a 
s s thin layer of material upon formation of the 
We will also suppose that €1 + €2 >‘, where new phase, and the mechanical loading curve 
where and are the deformations at the thik 
elastic limit in (29) Jog are made up of two parts each 
we may put qi (4) =a 1H, and in (39) (Fig. 3): the first part is a straight line 
p2(u) In this case for loading or wmloading (Hooke’s Law) 


The total residual deformation uss” 
is evidently compounded of »(0) and w(0), 
i.e, 


] 
ocm s s 


and the second part is some curve (A and B in 
Fig. 3) not passing through the origin. In 
actua] fact transition from the first part to 
the second is always smooth, and the curves 
are regular, but it is convenient to consider 
that there are two intersecting lines, The 
points of intersection of the straight line 
Sag = 2% ollzy with each of the curves deter- 
If we assume in addition that the mechani- mines the limit of el asticity (2,, é,). 
cal properties of the two phases differ Any mechanical state of the specimen in 
little, expression (42) simplifies consider- phase II during the I--II transition can 
ably. In fact putting correspond on the diagram (05, “»2) only to 
F f points lying between curves A and B of Fig. 3. 
c= Unloading in phase II is described by the 
equation (see Fig. 3): 
and limiting ourselves to the first terms 
of the expansion of u$6" in € and 
<< 1, < 1), we get Sop = (Uae); < 


— Jan = (Ug2 — Nao); (130 < < Ugo); 
(43) 


= — 5) {2 (1—in where is the deformation at the inter- 


{ section of the straight line denoting un- 


SECTION 5. THE CASE OF PHASE TRAN SITION loading with curve B. It is for the given 
WITH A LARGE CHANGE IN SPECIFIC VOLUME curves A and B, Udo is the function 
Ugg = U (Ugo). 
The essential point of the preceding Putting as before wu») =0(X9),it is easy to 
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Fig. 3. Graph of stress o against deformation v 
arising in the new phase when there is a large 
change in specific volume (curve A), and of the 
law of mechanical loading upon deformation of the 
the opposite sign (curve B). 


derive the equation for the function v = v(x), 
or, what amounts to the same thing, for the 
function x = x(v): 


(44) 
) (69 v)] + 


+x (v) [a2 — — 


—x(W (v)) — 9, (v)] A, 


where v*= U/ (¢€,), and W is the reverse 
function to U. 

The boundary conditions for equations (44) 
and (45) are as earlier: x(€,) = h. The 
residual deformation us" = v(0) is also 
determined as before, 

We have already investigated equation (44). 
As to equation (45), this reduces to a 
differential equation of the first order with 
a retarded argument. As we know [4], the 
solution to such an equation is single-valued 
if the behaviour of the function sought is 
given in a certain interval of values of the 
independent variables adjacent to the 
examined interval on the least-vaiue side. 
In our case the behaviour of the function 
sought in the given interval is given by the 
solution of equation (44). 

For the arbitrary functions 2, and@¢, 
the solution of equation (45) cannot be 
presented in a closed form, however in the 
theory of such equations [4] there are 


methods worked out for their integration (for 
example integration by steps). 

As an illustration of the method of cal cu- 
lation we will examine the simplest case, 
similar to Prandt]’s method, when curves A 
and B (Fig. 3) and symmetrically placed lines 
parallel to the axis Uso, and the curve 
¢=w,(“) has the same form as the curve 
¢ =wo(u). We will introduce a new variable 


v= vt —2Ite), (46) 


and also put (t) = — x(v). Then negative t 
corresponds to equation (44), and positive t 
to equation (45). 

We will consider that the elastic proper-~ 
ties of both phases differ little; then 
Qe, >e}. Then with the new variables 


equations (44) and (45) take on the form: 
11 +2y(1 +H) =(1—+) y(t) — (47) 


Ss 
3) \ dy 
— 1 -— = 


=y(tj—y(t—1), t>0. 
Here f, = 2 {= 
2e5 
The initial condition for equation (47) is 
written in the form y(-1) = 1. 
From (47) and (48) we find 
y(t) =Ce° +1, 


(50) 


<0, 
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(45) 
where 
2 


In order to explain the behaviour of y(t) 
for t >0, it is essential to solve (49), 
using the behaviour of y(t) for-l <¢<0, 
given by formula (50). 
Using the substitution 
t 
y (t) =e z(t) (51) 


We bring equation (49) to the form 


1 
(52) 


#20 Az(t—1); 
dt 

If we denote z,(t) the function z(t) for 
-1<t<0 (20(t) is found from (50) and (51)), 
the solution of equation (52) for t, lying 
in the interval n<t<n+1 (n=0, 1, 2....), 
is expressed by the formula 


z(t) =— 
n—| 0 


—! 


t—n—| 
+ (—A)” i 2, (t) (¢ — 1)"dzl 
nt, -(53) 
41) (—Aj* t¢—- 
K! 
K=() 


For example, for the interval (0, 1) 
formula (53) gives: 


t 
+(0< t<b,); 


1 
| 


0 


t te 
+e B)+ 
1—y 
19/B 
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The expressions (50) and (53) or (54) allow 
us in principle to determine the residual, 
deformation v(0). Actually, as is apparent 
from (46), the first (smallest) zero of z(t), 
coinciging with a zero of y(t), gives the 
single-valued v(0). This quantity can be 
evaluated only numerically for given values 
of the elastic constants. However as 
equation (47)-(49) for a determination of 
y(t) do not contain h, the zero of z(t) is 
independent of h, and consequently the 
residual deformation v(0) is also independent 
of the thickness of the slab (as long as h 
exceeds a certain limiting value*) 

Residual deformation in the reverse phase 
transition (II-I) can be studied in an 
exactly similar manner, 

If the elastic properties of both phases 
are almost the same, the expression for y(t) 
may be simplified, expanding it in powers of 
the small quantities 

—. 


and limiting ourselves to the first terms of 
the expansion. It is easy to check that for 
1] < I\y| < 1, the root of the equation 

y(t) = 0 lies in the interval (-1 + to, 9), 
that is on the linear part of the unloading 
curve. In connexion with this for calcula- 
tion of the residual deformation v(0), 
formula (29) may be used, directly, substi- 
tuting in it p,= <5. An elementary calcula- 
tion shows that the resulting residual defor- 
mation after the direct (I —II) and then the 
reverse (II —I) phase transitions is equal 


to 


19° = — e, {1,907 + 0,785}. 
Translated by DG. Noel 
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SOME PROBLEMS IN THE MEASUREMENT OF MICROHARDNESS* 
V.M. DOLIDZE 
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(Received 10 February 1958) 


Methods used in the microhardness examina 
tions of materials, in spite of their wide 
use and simplicity, contain a nurber of 
points, which are not quite clear. The 
problems of the relationship between micro- 
hardness and load of standard specimens are 
undoubtedly the most vulnerable points in 
these methods, 

It is clear from the numerous papers that 
the law of similarity loses its validity in 
the majority of cases of microhardness 
measurement. Not only quantitative, but also 
qualitative discrepancies exist between the 
data of different authors on the relationship 
between microhardness and load. Even at a 
very early stage in the development of the 
method, investigators began to obtain results 
differing greatly from one another as to the 
nature of the relationship between micro- 
hardness and load. 

At first these results were obtained for 
different materials with the aid of different 
instruments and methods for preparing the 
surfaces [1]. Later, however, it turned out 
that these discrepancies had deeper roots. 
Differing results were obtained not only for 
different but also for the same material. 
Thus, for example, many investigators obtain 
relationships between the microhardness and 
load for a fresh rock salt crystal shear 
plane which differ qualitatively from one 
another. [2-5]. 

The discrepancies existing in the micro- 
hardness values for rock salt cannot be 
attributed to the fact that the indenter is 
not the correct geometric shape or to errors 
in the indentation measurements, or to the 
difference in hardness of the different 
materials, We are firmly convinced that 
the sole reason for the variation lies in 
the divergence of the applied force from the 


*Fiz. metal metalloved. 8, No.2, 268-273, 1959. 


nominal. Hence it follows that either the 
instruments themselves are unsuitable and 
cannot give reliable results for the loads 
under consideration, or that the experimen- 
ters still do not know how to use these 
instruments correctly. 

Standard specimens must be chosen and in- 
troduced in order to solve the problem of 
the relationship between microhardness and 
load. Until there is a relationship between 
the microhardness of some materia] and the 
load which is suitable for all investigators, 
its use as a standard does not give results 
of any value. A second important require- 
ment of standard specimens is that they can 
be reproduced easily or that their micro- 
hardness valves remain constant with time. 

An attempt to select standard specimens 
from polycrystalline materials [6] is very 
unlikely to succeed on account of the 
heterogeneity of these materials and the 
difficulty involved in preparing microsec- 
tions, As is known [3, 7], mechanical 
grinding and polishing of the surfaces 
exerts considerable influence on the micro- 
hardness val ue. 

The proposal of Gogoberidge [2] to use a 
fresh cleavage plane of rock salt as a stan- 
dard merits attention. Rock salt crystals 
can be used with success as a standard for 
loads of 10 g and more. In the case of smal- 
ler loads, however, the use of this standard 
encounters serious difficulties, owing to 
the absence of a universally adopted view 
point in its hardness et these loads. It is 
obvious that a single point of view cannot 
be obtained by agreement relative to any 
mean value, Only an experiment carried out 
under very strict conditions can solve the 
problem in theory or at least narrow down 
the range of discrepancies in hardness values. 

Mm attempt is made in this paper to obtain 
new results for the relationship between 
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microhardness and load for the cleavage sur- 
faces of crystals by more accurate defini- 
tion of the adjustment of the instrument and 
the lowering of the indenter on to the speci- 
men under test. 


EXPERIMENTAL METHODS OF MEASUREMENT 


The tests were carried out on PMT-3 instru- 
ments, A diamond pyramid with a square base 
and with an angle of taper of 136° was used 
as the indenter, 

When the pMT-3 instrument is adjusted 
according to the manufacturer’ s instructions, 
the relative errors in the determination of 
the microhardness under small loads may reach 
a considerable magnitude. For more accurate 
adjustment of the instrument we used a method 
of visual observation of the positive of the 
indenter with respect to the surface of the 
specimen after it had been lowered without 
load. The observation was carried out with 
the aid of a microscope (x 25) which was 
directed at a small angle to the surface of 
the specimen (Fig.1). Cleavage planes of 
rock salt, bismuth or zinc (metal crystals 
are more convenient, as they are better 
reflectors) served as the surface. The 
position of the indenter tip relative to the 


Jj 


Fig. 1 Diagram of the arrangement of the micro- 


scope for observing the process of introduction: 
1 — testpiece; 2- indenter; 3 — microscope. 


Fig. 2 Indentations on the cleavage surface of a 
freshly sheared signdl crystal under loads of; 


surface of the specime@m may be accurately 
established by observing the diamond tip and 
its image in the mirror surface of the speci- 
men in the microscope. Since the apar@mt 
distance between the tip and its image is 
twice as great as the distance of the tip 
from the surface of the specimen, the effec- 
tive magnification of the microscope is 50. 

When the instrument is adjusted, as is 
expected, the indenter lowered without load 
remains noticeably above the surface of the 
specimen. The oscillation of the indenter 
caused by the very small vibrations of the 
instrument, which are difficult to eliminate, 
can be seen very clearly during this obser- 
vation, The instrument is adjusted by 
lowering the loading mechanism until the 
point of the freely lowered indenter and its 
mirror image coincide at one point, In’ this 
case the diamond tip can be arranged with 
respect to the testpiece surface with an 
accuracy of up to * 2, which corresponds 
to a deviation in loadsof 0.03 g We 
preferred to have an error on the side of 
the smaller value, so the loading mechanism 
was set roughly 2 mm lower, in order that 
the indenter always gave the same indenta- 
tions on the soft material without load, 
These indentations were small] and in all 
cases corresponded to a joad not larger than 
0.1 g (checking was carried ovt by inter- 
pol ating the curve of the relationship 
between microhardness and load). Hence we 
assumed that the maximum deviation in the 
magnitude of the load under the described 
adjustment was + 0,1 g. 

The speed with which the pyramid is 
lowered should also exert an influence on the 
size of the indentations obtained. In our 
case, the quoted microhardness values are 
obtained as a result of imposing the dynamic 
load on to the static. The latter circun- 
stance should have no importance in the case 
of a sufficiently deep indentation on account 
of the rapid absorption of kinetic energy 
of the mechanism being lowered in the top 
layers of the surface, but is important in 
the range of minimum loads, In our opinion, 
the major part of the substantial divergency 
in hardness values at low loads which have 
been obteined by different investigators, are 
the result of the different speeds at which 
the indenter has been lowered and the dif- 
ferent masses of the part of the loading 
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mechanism, which is lowered, for instruments 
of every type 

In our measurements the process of the in- 
troduction of the indentor into the specimen 
was observed through the microscope referred 
to above. The introduction was made in the 
following way: at first the indenter was 
lowered comparatively quickly, but when the 
tip was close to the specimen surface it was 
lowered on to the surface as slowly as pos- 
sible. After short training the technique 
of lowering the indenter at the necessary 
low speed can be mastered, 

The methods described for adjusting the 
instrument and introducing the indenter on to 
the specimen, should undoubtedly substanti- 
ally reduce the errors caused by inaccuracy 
in the adjustment of the instrument and the 
imposition of the dynamic load, In actual 
fact, hardly any scatter was observed in the 
sizes of the indentations obtained, even at 
a load of 0.5 8, using the method described 
above, It was so slight that it lies well 
within the range of errors in the measure- 
ment of the diagonals, The forms of the 
indentations obtained on the cleavage plane 
of a bismuth crystal under loads down to 


0.5 g, are shown in Fig, 2. 


RESULTS OBTAINED 


Measurements were made on a single crystal 
specimens of rock salt, zinc and bismuth, 
The microhardness was measured on the cl eav- 
age surface of all the specimens both for a 
freshly sheared fragment, for testpieces 
annealed after cleavage at 100°C for 5 hr, 


Fig. 3 Indentation on the basal plane of a zinc 
single crystal obtained after annealing for 5 hr 
at 100°C. Load 50 g; x 408. 


and also on the surface of testpieces 

aged at room temperature for several days 
Since no substantial difference in the hard- 
ness values for these testpieces was detec- 
ted, data is only given below for the 
untreated fresh cleavage planes, 

The hardness of the zinc single crystals 
was measured both on a basal plane and also 
on a prismatic plane of the first order. 

The difference in their microhardness is also 
Slight, so here microhardness values are only 
given for the basal cleavage plane 

Investigations were carried out on two 
instruments with the aid of which completely 
identical results were obtained, The summits 
at the tops of the diamond pyramids were 0. 6 
and 0.7 m 

As Schulz and Hanemann [8], showed, when 
the diamond pyramid is rotated about its 
axis different hardness values are obtained 
for the same crystal planes, In our investi- 
gations no substantial change was observed 
in the size or shape of the indentations 
when the pyramid was rotated about its own 
axis for indentations with diagonals less 
than 15y. Noticeable distortions were 
observed for zinc and bismuth in the case of 
large indentation sizes, These distortions 
comprise the deviation of the indentation 
from the correct square shape, We shall not 
discuss all the shapes observed for the dis- 
tortion of the indentations. We only note 
that when the indenter is oriented in a 
certain direction on cleavage planes of zinc 
and bismuth the distortions often take pl ace 
along one diagonal. In this case the inden- 
tations are of a rhombic fom. (Fig.3). The 
length ratios of the diagonals are roughly 
equal: for zinc - 1.3; for bismuth - 112 
In the experiments with zinc and bismuth only 
indentations which had a rhombic form were 
measured, After both diagonals had been 
measured the microhardness was calcul ated 
from their geometric mean value, 

As can be seen from Tables 1, 2 and 3, the 
microhardness in all the cases considered 
depends mainly on the load applied and in- 
creases when the loads are reduced, 

In order to be more conclusive about the 
results of the increase in microhardness in 
the range of minimum loads the loading 
mechanism was lowered slightly more than in 
the case of accurate adjustment. The errors 
caused in this case by the deviation of the 
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TABLE I 


Microhardness values for a fresh cleavage section of rock salt. 
Plane (100) 


Indentation 
diagonal mk 


Microhardness, 
kg/m m2 


Measurement errors, % 


plus ninus 


5.82 

8.68 
12.7 
15.65 
18.6 
21.4 
30. 5 
43.9 
71.3 

102 


27.2 
24.5 
23.0 
22.7 
21.5 
20.1 
19.9 
19.2 
18.2 
17.7 


31 
18 
9.5 


11 


TABLE 2 


Mean microhardness values for a fresh cleavage section of a 
zinc single crystal. 
Plane (0001) 


Indentation diagonal, mk 


long 


iii Measurement errors, % 


hardness 
kg/mm2 


plus minus 


3.01 
4.65 
7.12 
8.74 
12.0 
20.4 
30.1 
51.1 
TT. 2 
94.8 
113 


17 
15 


102 
86.0 
73.0 
73.0 
65.0 
51.0 
51.0 
45.0 
39.0 
39.0 
37.5 


5.5 
3.0 
2.0 
5.0 
4.4 
5.0 


5.3 


load and by the speed with which the pyramid 
was lowered can only give the microhardness 
values given below, The increase in micro- 


hardness can only be caused by the scatter in 


indentation sizes under a constant load, the 
negligibility of which has already been 
shown. * 

The relationships produced between the 
indentation sizes and load satisfy the Mayer 


* Flexible restoration of the indentations is not 
discussed here. 


rule to a good approximation in which P = ad" 
(P is the load, d is the indentation diagmal 
and a and n are constants for the material 
under investigation). In Fig. 4 it is showm 
that the relationship between log P and log d 
is roughly of a straight line form. The 
values of the constants a and n calculated by 
a method of smallest squares, are given in 
Table 4, from which it can be seen that on 
passing from a comparatively soft material to 
a harder one the constant a increases while n 
diminishes, 
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Problems in measurement of microhardness 


TABLE 3, 


Mean microhardness values for a fresh cleavage section of a 
bismuth single crystal, 
(Plane III) 


Indentation diagonal, mk 


long short 


Micro- Measurement errors, % 
hardness 


kg/mm2 


plus minus 


6. 38 

9.62 
14.6 
17.6 
22. 5 
31.6 
45. 2 
76.2 
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6. 38 


9.0 
7.5 
5.8 
6.0 
6.0 
6.0 
6.0 
4.0 
3. 3 
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Relationship between log P and log d for: 
2- zinc; 3 bismuth. 


Fig. 4, 
1 — rock salt; 


It can be concluded from the above that the 
investigated cleavage planes of crystals of 
rock salt, bismuth and zinc satisfy all the 
requirements made of standard specimes for 
microhardness testing; it can be assumed that 
zinc and bismuth single crystals, together 
with rock salt single crystals can be success- 
fully used as stamdards, especially under 
low loads (10 g and less). Their microhard- 
ness depends little on the ageing at room 
temperature. A suitable surface without any 
noticeable strain hardening is obtained 
easily and rapidly by cleavage. The surfaces 
produced are very clean and convenient for 
measuring the indentations in reflected light. 
No roughness (at least larger than 200 A) is 
detected when the indentations are checked 
with an interference microscope. It is also 
not difficult to produce single crystal zinc 


and bismuth specimens, Single crystals of 
bismuth can be produced by sucking the melt 
into glass test tubes. Methods of producing 
single crystals of zinc are not complicated 
and have" been well developed [9-11]. 


TABLE 4 


Values of the constants calculated by 
the least square method. 


Single crystals |a, kg/mm? 


16.8 
71.1 
12.5 


1. 88 
1.72 
1.90 


Rock salt .. 
Bismuth 


I should like to express my sincere thanks 
to academician EL. Andronikashvil of the 
Akad. Nauk, SSSR for his constant advice on 
this work, to my scientific fellow workers 
D.M. Chigninadze, I.A. Nashkidashvil and 
G.i. Natsvlishvil for valuable discussion of 
the work. 


CONCLUSIONS 


A new method of adjusting the PMT-3 instru- 
ment and for introducing the diamond pyramid 
into the specimen under test is proposed. 
These methods take longer than the normal, 
but their use is expedient, especially for 
work in the field of small loads, where it is 
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A STUDY OF THE MECHANICAL PROPERTIES OF SOLIDS, IN 
PARTICULAR OF METALS AT ABSOLUTE TEMPERATURES OF 


4Y.2°K AND BELOW. 


TENSILE TESTING OF 


POLYCRYSTALLINE ALUMINIUM (99. 3%)* 
0.V. KLYAVIN and A.V. STEPANOV 
Leningrad Physico-Technical Institute Akad. Nauk. SSSR 
(Received 11 July 1958) 


A description is given of the experimental methods used for tensile testing 
different materials at temperatures of 4.2°K and below. The results are given, 
which were obtained for 99.3 per cent polycrystalline aluminium in the annealed 
and unannealed conditions at temperatures of 4.2 and 1. 6°K. 


The relationship between the strength and 
ductility and the temperature in the 4, 2-1. 6°K 
interval was found. 

The ductility and strength of solid bodies 
are functions of the temperature. Data on 
the ductility and strength at extremely low 
temperatures close to the absolute zero, are 
fundamental characteristics, without knowledge 
of which it is impossible to formulate correct 
theoretical assumptions on these properties. 

All theoretical estimations of the strength 
and ductility of solid bodies have been 
carried out up till now without taking into 
account the thermal movement, that is they 
give an idea of these properties at extremely 
low temperatures. Naturally the findings 
should be compared with the experimental data 
relating to low temperatures, As there is no 
experimental data available on the mechanical 
properties of solid bodies at very low tem 
peratures the theoretical estimates of the 
strength charactéristics were compared with 
the experimental data available, which refer- 
red to "high temperatures. It is clear that 
a comparison of this kind may lead to false 
conclusions as to the agreement or disagree- 
ment of the results of theory and experi- 
ment, 

Data on the mechanical properties of solid 
bodies at very low temperatures are also very 
important from the practical point of view, 


* Fiz. metal. metalloved. 8, No.2, 274-281, 1959. 


especially in the selection of materials, 

We knew of only three papers on the study 
of the ductility of solid bodies at liquid 
helium temperatures. These are the paper by 
Polany and Meissner [1], which is devoted to 
the study of the ductility of single crystals 
of zinc and cadmium, and papers [2, 3], on 
copper, Here also mention should be made of 
papers [4-7]. 

In spite of the importance of the data on 
the study of the ductility of solid bodies 
carried out in papers [1-7], the volume of 
these investigations clearly do not apprehend 
the importance of the problem. We knew of no 
paper in which comprehensive stress-strain 
diagrams had been made and strength charac- 
teristics found for materials in the range of 
liquid helium temperatures. On that ground 
we began systematic investigations of the 
mechanical properties of solid bodies at 
temperatures of 4. 2°K and below. 

The first stage of the investigations was 
the development of an apparatus for testing 
a number of materials and obtaining their 
stress-strain diagrams up to breaking loads 
at temperatures of 4, 2°K and below. 

Polycrystalline aluminium (99.3 per cent) 
in annealed and unannealed conditions was 
tested at the following temperatures: 1.6K 
(liquid helium under evacuation), 4.2% (the 
boiling point of liquid belium), 78°K (the 
boiling point of liquid nitrogen), 300°K 
(room temperature). The tests at 78 and 
300°K were carried out in order to correlate 
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the results of our tests obtained at 1.6 and 
4.2°K with the reference data which refer to 
higher temperatures, 


APPARATUS AND TEST CONDITIONS 


A problem in the investigation was the 
plotting of the stress-strain and stress- 
rupture diagrams for the testpieces at 
liquid helium temperatures. At this stage 
of the work the object was not the accurate 
investigation of the initial section of the 
stress-strain diagram. These initial con- 
ditions also determined the choice of the 
measuring apparatus. 

Tests were carried out on an Stepanov [10] 
machine, adapted for measuring at liquid 
helium temperatures (Fig. 1). The bottom 


part of the machine containing the testpiece 
was accommodated in a Dewar vessel (vacuum 
flask jacket) containing liquid heliun, 


Fig. 1 Diagram of the machine for tensile test- 
ing testpieces at liquid helium temperatures 


which in turn was accommodated in a Dewar 
vessel containing liquid nitrogen. The 
testpiece was placed directly in liquid 
helium*, Appliances were included in the 
design of the machine for preventing leakage 
of the gaseous helium. 

The dimensions of the testpieces were 
determined by the necessity of making that 
part of the machine, which is immersed in 
helium, as small as possible, but at the 
sane time sufficiently rigid and strong, as 
the introduction of large amounts of metal 
into the liquid helium makes it difficult to 
produce low temperatures, 

The force was measured with the aid of a 
elastic dynamometer, the deformation of which 
was measured by readings from a dial taken 
to an accuracy of + 0.005 mm The elongation 
of the testpiece was found by measuring the 
displ acement of the upper 3od of the machine 
and reading from a dial to an accuracy of up 
to 0.01 m. The elastic deformations of 
the machine, which were calculated from the 
stress-strain diagrams, were taken into 
account, this is especially important in the 
case of low ductility materials, The dimen- 
sions of the testpieces before and after the 
deformation were measured by an MIR-12 micro- 
scope with an accuracy of up to > 0.005 mm, 

The temperature of the experiment was 
determined from the helium vapour tensions, 
The elongation rate was in the range of from 
0.4 to 1.6 mn/min, At liquid helium tempera- 
tures the time for pulling ductile testpieces, 
for example aluminium, from the beginning of 
the experiment to rupture was about 14 min, 

3-4 testpieces were tested at temperatures 
of 1.6 and 4, 2°K, 

The data of tests on separate testpieces 
(standard specifications [8]) are given in 
Table 1, In this case, if the deviation from 
the mean value for ail tests at the given 
temperature does not exceed 7 per cent, the 
data given is that of a typical test. If the 
maximum deviations in the behaviour of the 
separate testpieces are considerably, either 
these maximum values are given or the cases 
are specially mentioned. 

For all testpieces tested at the given 
temperature the characteristics given in 


* The testpiece was also placed directly in the 
liquid nitrogen during testing in this medium. 
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TABLE I 
Strength characteristics of annealed aluminium testpieces. 


Gz, Sp, 
kg kg 
MM2 MM? 


Number of 
experiments T, °K 


Literature 


Sp, 
kg be, Ek» 
source 


% % 


MM2 


30 
30 


Data of 
this paper 


Data of 


vated 
from [8] 


Melting point of aluminium 
| I | al 


0.6 100 


* The value of s, is calculated from paper [8], as the test piece broke at an angle 


of 45°. 


Tables 1 and 2, with the exception of the true 
tensile strength s, differ little from one 
another (+ 7 per cent). Both the maximum and 
minimum of the values observed for a, are 
given in Tables 1 and 2, The valuesof €, 
are given in the stress-strain diagram, The 
testpieces were in the shape of wires with 
heads, with a working length of 1 = 2 i and 
a diameter of from 1.2 to 1,6 mm, The test- 
pieces were made on alathe, After they were 
taken from the lathe the surface of the 
working part was not subjected to further 
treatment. More or less uniform cutter traces 
were left on the surfaces of the testpieces 
to a depth of 1-2 p. 


RESULTS OF THE INVESTIGATION 


Polycrystalline annealed aluminium (99.3 per 
cent). Testpieces of length 20 mm and dia- 
meter 1.2 mm were cut from grade AD-1 alu- 
minium wire of the following composition: 


0.5% Cu; 0.3% Fe; 0.35% Si; other admix- 
tures about 0,1% and annealed in a vacuum of 
about 1074 mm of Hg at 300°C for one hour 
with subsequent cooling in the furnace for 
3-4 hr. The test results for the testpieces 
are given in the form of stress-strein curves* 
in Fig. 2 and in Table 1. 

As the test results showed, the ductility 
of the aluminium is maintained right down to 
very low temperatures. At 1.6°K the stress- 
strain diagram has an unusual shape: several 
drops, shown in Fig.2** apear on it before 
rupture, 

Curious changes in the nature of the 
fracture are observed when the temperature is 
reduced. At 78° fracture takes place with 


* In all the figures stress-strain curves are 
given for testpieces on which maximum value were 


obServed for a, and €,. 


**The question of the structure of the drops will 
be discussed in a separate paper. 
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Fig. 2. 


aluminium at different temperatures of: 


4-300°K. 


hardly any neck formation. 

The surface of the rupture on the ruptured 
testpiece is seen to be inclined at an angle 
of approximately 45° (+2°) to the axis of 
the testpiece. 

The elongation up to fracture, is almost 
completely uniform, very small local necking, 
which is stretched out toward the area of 
fracture is seen (Fig; 3). At 1.6°K rupture 
again takes place with the formation of a 
neck, somewhat smaller than at room tempera- 
ture and the temperature of liquid nitrogen. 

In Fig. 4 the change in the nature of the 
rupture of the testpieces depending on the 
temperature is shown, Here photographs of 
the silhouettes of the places of rupture at 
different temperatures* are shown, 

It should be emphasized that five repeated 
tests were carried out, which all gave the 
same result, so that the phenomenon, show in 
Fig. 3, should be considered not as chance, 
but as a fair representation of the work, 

The area of the testpiece at the moment of 
rupture was determined thus: the contour of 
the rupture point was drawn with the aid of 
a drawing device during microscope observa- 
tion, and the area of this contour, after 
allowing for the magnification, was taken as 
the area at the moment of rupture. In this 
case the testpiece was placed on the micro- 
scope so that its axis was parallel to the 


* The silhouettes of the places of rupture for 
all the materials investigated are taken at the 
same magnification. The difference in the dia- 
meters of the ruptured testpieces, which is 
visible on the photographs, is produced as a 
result ofthe different degree of plastic defor- 


mation, which takes place at different temperatures. 


18 20 23 30 35 


IO 


Stress-strain curves for testpieces of annealed 


1-1.6; 24.2; 3-78; 


axis of the microscope. The contour of the 
area of rupture was always irregular in shape. 
The area determined in this way was always 
less than the area determined from the dia- 
meter of the narrowest point of rupture, if 
it is assumed that its contour is round (the _ 


universally accepted method of determining Vol 
the area at the moment of rupture). > ? 
19 


Fig. 3. Photographs of annealed aluminium test- 
pieces, which ruptured at temperatures of: 
a- 1.6; b—4,2°K; X 20. 


The values of s, obtained for 300°K, as 
can be seen from Table 1, are higher than the 
reference data, This difference is partly 
caused by the fact that our area at the 
moment of rupture was determined differently 
from that in the accepted method. It is also 
possible that the error in the determination 
of the force at the moment of rupture was 
determined differently from the accepted 
method. It is also possible that it is an 
error in the determination of the force at 
the moment of rupture. Should the material 
to be tested be ductile, a dynamometer of 
smaller inertia should be used for determining 
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the force at the moment of rupture. 

a b c d 
Fig. 4. Silhouette photographs of the points of 
rupture on annealed aluminium testpieces at 


temperatures of: a - 300; 78; — 4.2 and 
d 1. 6°K. 


Thus, it is quite possible that we have 
overestimated the values of s, given in 
Table 1 and in other cases in our tests on 
ductile testpieces, These observations for 
s, refer also to aluminium in the unannealed 
condition, 

It can be seen from Fig.4 that a reduction 
of the temperature to 4, 2°K leads to an 
increase in the strength characteristics of 
the process of deformation (the growth in the 
shear strength) together with a considerable 
increase in the elongation before rupture, 

The elongation is increased by increasing 
its uniform section, In this way, the 
reduction in temperature stabilizes the 
process of flow. The localization of defor- 
mations, which leads to the formation of a 
neck at ‘‘low’ temperatures, is only possible 
under much larger loads than at ‘thigh® 
temperatures, 

The increase in the strength of the 
aluminium when the temperature is reduced can 
be seen from the Table 1. At 1.6°K s, is of 
the order of 150 kg/mm?, which does not differ 
very much from the theoretical tensile 
strength of aluminium determined as 0.1£ 
(where E is Young’s modulus, which is equal 
to 800 kg/mm? for low temperatures). 

Obviously, there is also a temperature 
relationship for the ductility and strength 
for temperatures even lower than 1,6°K (this 
problem still requires experimental examina- 
tion). Therefore still higher strength 
values may be expected in the case of tests 
carried out at temperatures lower than 1, 6°K. 

We found it more convenient to represent 
the strength temperature relationship not as 
the function s, = f(T), where T is the 
absolute temperature, as is usual, but as 
the function 1/s, = f(T). The reasons for 
this are the same as those for which the 
results obtained in the study of the tempera- 


ture relationship of the electrical proper- 
ties of metals are given in the form of the 
dependence of the conductivity and not the 
electrical resistance on the temperature, 

An attempt was made to establish the form 
of the relationship 


Vs, = f(T) 


The data for establishing such a relation- 
ship is inadequate, therefore this attempt 
should be regarded as a preliminary considera- 
tion of the data obtained. 

The results of further investigations can 
introduce a change here, 

The values of In 1/s, depending on 1/T are 
given in Fig. 5. The graph is plotted from 
the data of papers [4, 9] and this paper, 
both the maximum and minimum values of Sp 
being used, The results are plotted as two 
straight lines, 

It can be seen from Fig, 5 that in the 
strength temperature relationship there are 
two sections — the ‘thigh” temperature 
(20-78°K) zone and the ‘ ‘low’ temperature 
(20°K and below) zone. In both zones the 
experimental data satisfy the relationship 


—zxA-e 7, (1) 
Sk 

but with different values for the constants 
A and B, 

In the low temperature zone the influence 
of the temperature on the strength is con- 
siderably weaker than in the high temperature 
zone, but it exists al] the same, 

On extrapolating this relationship to the 
theoretical strength value s, = 800 kg/mm2, 
we see that it can be achieved at 0. 3°K 
(extrapolation for the maximum values of s,) 
or at 0.5°K (extrapolation for the minimum 
minimum values of s,). It is clear that this 
temperature will alter, if other values are 
obtained in subsequent experiments for the 
magnitudes of 

Unannealed polycrystalline aluminium 
(99.3 per cent). The polycrystalline 
aluminium testpieces were not annealed, The 
influence of the temperature was even greater 
in this case than for annealed testpieces, 

Ductility was preserved right down to 
1.6°K. The elongation up to rupture increased 
considerably when the temperature was 
reduced. Thus at 1.6°K a strain hardened 
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aluminium testpiece stretches five times more 
before rupture than at 300°K. At 4, 2°K there 
is no difference between the behaviour of a 
strain hardened testpiece and one which has 
not been strain hardened. 

Consequently, the localization of deforma- 
tion in strain hardened crystals at high 
temperatures and the low ductility before 
rupture are also determined by the defects 
created prior to this by plastic deformation 
in the testpiece, 


70 50 JO 40 JO 20 


ype 


Fig. 5. Relationship between the logarithm of 
the reciprocal value of the true tensile strength 
and 1/T (T - temperature in absolute units). 


e — for the maximum values of s,; A - for the 
minimum values of Spi X= according to the data 
of paper [4]; m= — according to the data of 
paper ) 


The test results are given in Fig. 6 and 
Table 2. 

The drops on the stress-strain diagrams at 
1.6°K are sharper than for annealed aluminium 
and occupy a considerable portion of the 
stress-strain curve, 

The change in the nature of the rupture 
with temperature is seen in Fig. 7, in which 
are shown photographs of the silhouettes of 
the places of rupture of testpieces at 
different temperatures. The form of the 
rupture at 4,2°K is different to those at 
78 and 1.6°K. 


CONCLUSIONS 


1. Considerable plastic deformation before 
rupture is observed in industrially pure 
aluminium (99,3 per cent) even at 1.6°K, In 
certain cases this plastic deformation 
considerably exceeds the magnitude of defor- 
mation observed at 300°K. 

2. Sharp drops were observed on the stress- 
strain diagrams for aluminium at 1.6°K. 

3. A change in the nature of the rupture 
was observed for aluminium in the range from 
4.2 down to 1,6°K. 

4. The temperature strength relationship 
may be divided into two parts (cf. Fig. 5). 

5. A temperature influence on the proper- 
ties of strength and ductility was observed 
in the interval of temperatures from 4,2 to 
1.6°K. Obviously, it must also appear at 
even lower temperatures, Hence follows the 


necessity of studying the strength and 


20 


Fig. 6. 


8 


Stress-strain curves for unannealed aluminium test- 


pieces at different temperatures of: 


1— 1.6; 2=-4.2; 3 78; 


4 300; 


5 — 300°K (annealed). 
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TABLE 2 
Strength characteristics of unannealed aluminium testpieces 


Number of Sz» 


T, °K 
experiments 


Sk» 
ke | ke 


MM? MM? 


by, %1 ver % | ee % 


1.6 


4.2 


78.0 


300.0 


198 
178 
go 
17 
76 
66 
44 
38 


42 82 


49 29 
25 83 


14 91 


* s, - is calculated from paper [8], as the test piece broke at an angle of 45° 


Fig. 7. Silhouette photographs of the points of 
rupture_of unannealed aluminium testpieces at 
different temperatures of: a-— 300; b — 78; 
c- 4.2; d— 1.6°K. 


ductility properties at still lower and 
ultra-low temperatures, 

6. The true tensile strength is seen to 
increase when the temperature is reduced for 
pure metals, the absolute values of the true 
tensile strength at 1.6°K being close to the 
theoretical strength values, The strength of 
heavy-gauge aluminium testpieces at low 


* Papers have recently been published on the 


tensile testing of aluminium at 4.2°K. Some of 
the phenomena observed by us, in particular, the 
presence of sharp drops on the stress-strain 
diagrams, were shown in these papers indepen- 
dently of gur. results. 

We still cannot agree with the explanation of 
the nature of these sudden drops on the stress- 
strain diagrams given by Basinski [12], in spite 
of the fact that as far back as 1933 Stepanov [13] 
attempted to explain the phenomena accompanying 
plastic deformation in crystals as “local” 
evolutions of the heat of deformation. 


temperatures is practically equal to the 
strength of thread-like crystals — (whiskers), 
which have anomalously large strength values 
(this was attributed to the peculiar proper- 
ties of thread-like crystals). There is no 
data for aluminium ‘‘whiskers” in the refer- 
ence literature, but their strength barely 
exceeds the strength of silver “whiskers” 

( = 180 k/mm2) and of copper ( <= 300 
ke/mm?), [11]. 


Translated by AH.R. Langmead 
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MECHANISMS OF PLASTIC FLO FOR LEAD AND TIN 
IN SHEAR CONDITIONS” 
V.I. LIKHTMAN and V.S. OSTROVSKII 
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(Received 27 February 1958) 


The general rheological mechanisms of the plastic flow of tin and lead in 
shear conditions are established. A constant maximum value of plastic viscosity, 
which does not depend on the stress, is found at low stresses. Under large 
stresses the sharp drop in the plastic viscosity with the growth of the shear 
rate results in a shear stress, which is independent of the rate of deformation. 
When the temperature is increased the plastic viscosity is naturally reduced as 
a result of the increase in the flow rate of the metal and the reduction of the 


creep limit. 

Knowledge of the main rheological character- 
istic of metals — the effective viscosity - is 
either contradictory or non-existent 1. A 
knowledge of the rheological properties of 
metals can be very useful for processes of 
deformation and working, especially in the 
study of creep phenomena, the limiting creep 
stress and in the pressure shaping of metals. 

According to the nomenclature proposed by 
P,A. Rebinder, the metal should be in the 
form of structuralized systems which have a 
dense crystal structure and, in consequence, 
a perfect contact between the structural 
elements (the crystals [2]). These struc- 
tures, if they are capable of plastic 
(residual changes in shape, are characterized 
by the very high values of effective vis- 
cosity in the regionof low stresses (up to 
10 20 poise) and the sharp redttction in the 
viscosity (by 8-10 powers) in a comparatively 
short interval of stresses, which corresponds 
to the practical creep limit. 

Pure metals and the majority of alloys are 
capable of pJastic changes in shape, owing to 
the high ductility of the crystals forming 
them. However the smaller the capacity of 
polycrystalline metals for large plastic 
deformation the greater is the ductility of 
the individual grains. This is explained by 
the fact that the maximum ductility is 
peculiar to those metal single crystals, 
which have one slip plane, for example, 
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single crystals of the hexagonal system — 
zinc, cadmium or magnesium, An increase in 
the number of possible slip planes leads to 
a reduction in the ductility and an increase 
in the strength (single crystals of the 
cubic system). But the presence of one 
solitary system of slip in metals of 
hexagonal structure leads to an increase in 
the brittleness of the polycrystalline test- 
pieces as a result of the grains interlocking 
with adjacent grains. In metals of cubic 
structure, for which there are 12 possible 
slip systems, this grain interlocking only 
Slightly reduces the ductility of the poly- 
crystalline testpieces in comparison with 
that of single crystals, 

Metals with a crystal structure also have 
singular thixotropic properties, connected 
with the restoration of the structure distur- 
bed during deformation, The feature of these 
properties is that the structures of the 
metals disturbed during deformation are always 
accompanied by an increase in the yield 
strength (strain hardening), and the restora- 
tion of the disturbed structure in the 
deformed metals is always connected with a re- 
duction in the yield strength (relaxation, re- 
crystallization), whereas in systems with a 
coagulation structure (clay solutions and 
other colloidal systems) restoration of the 
structure partially destroyed in the flow is 
always accompanied by an increase in the 
yield point and yield strength, 

In all processes of deformation and work- 
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ing the metal acts like a viscous mediun, 
the flow of which is analogous to the flow of 
a viscous liquid, This analogy can be 
traced very easily to soft metals, for 
example, to lead or tin, when a hole is 
punched through them If a cylindrical tin 
or lead testpiece is cut along the genera- 
trix and a square grid is placed on the 
obtained flat surfaces, and then if these 
two halves are joined and a hole is punched 
through the least diameter, then the distri- 
bution of the rates of deformation in the 
metal, which may be estimated from the shape 
of the grid after punching, will not differ 
in principle from that for the flow of a 
viscous liquid [3]. Hence, it would seem 
that under certain conditions of deformation 
the crystal structure of the metals does not 
play an important part, and in these cases 
the mechanical properties of the metals may 
be given by the Newton equation P= yx v, 
where 7 is the viscosity. However the 
numerous attempts to determine the magnitude 
of 7 for different metals have invariably 
led to a large scatter in the viscosity 
values for any one metal (by 5-6 powers) 
depending on the conditions under which the 
experiment has been carried out, 

Attempts to improve the agreement of the 
viscosity values for 7» for a wide interval 
of stresses by introducing the yield strength 
P, into the Newton formula (that is the 
transition to the Bingham equation 
P—P,=%7xv) do not lead to positive 
results [1]. 

We made a study of the rheological proper- 
ties of metals (lead and tin) under con- 
ditions of simple stress, which occur during 
pure shear deformation, 

We used two types of instrument. The first 
was designed on the basis of an analogical 
instrument by Andrade [4]. A diagram of the 
instrument and the testpiece are given in 
Fig. 1. The testpieces tested on this. 
instrument are in the form of disks, which 
are secured at the circumference and in the 
centre. The load (considerably below the 
yield strength) which causes rotation of the 
central part of the disk, is applied to the 
disk via a central clamp with the aid of a 
lever. A groove was cut between the circum- 
ference and central clamps in the free part 
of the disk on both sides with a forming 
cutter so that the cross-section of the cut 


was regularly reduced as it moved outwards 
from the centre, thus providing constancy of 
the shear stress in any cross-section of the 
groove, Analysis of the stressed state in 
this testpiece shows that after the load is 
applied a pure shear deformation is generated 
in the groove, 

A diagram of the second instrument and the 
shape of the testpieces are given in Fig. 2 
We used this instrument mainly for experi- 
ments in the presence of different surface 
active agents, We had established prel imi- 
narily that both instruments give results 
which are in full agreement. 

Tin and lead were chosen for the investi- 
gation, The mechanical properties of these 
metals have been studied by many authors in 
conditions of shear deformation, 

After they had been machined the test- 
pieces were subjected to special heat treat- 
ment — annealing in an inert atmosphere, in 
order that the mean grain size was not below 
a certain threshold value in accordance with 
the criterion of Arfiteatrova and Iampol skii 
for the optimum action of a surface active 
agent [5]. The flow curves of lead are given 
in Fig. 3 at loads which are different, but 
constant for each individual experiment, 
Here a single flow curve is given for lead 
in a0. 2 per cent solution of oleic acid in 
vaseline oil under a stress of 0. 4 kg/mm? 


SS 


SS 


Fig. 1 Diagram of the intrument and testpiece. 


Fig. 2 Diagram of the instrument and testpiece. 
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Two zones of creep are clearly seen on 
these curves — the zone of unsettled flow at 
a reduced rate and the zone of steady flow 
at a constant minimum rate The magni- 
tude of v, increased with the increase in 
stress, and also at the given stress, in the 
presence of a surface active agent, Removal 
of the load leads to a slight elastic re- 
covery and to a very slight elastic 
secondary effect. An analagous flow is also 
observed for tin, but at somewhat higher 


stresses, 
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Fig. 3 Curves for the flow of lead at corres- 
ponding stresses (kg x mm”) 
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Fig. 4 Relationship between the steady flow rate 
of tin and lead and the applied stress 


The re] ationship between the rate of 
steady flow v| and the applied stress P are 
given in Fig. 4 for lead and tin, 

Attention is drawn first of all to the 
fact that the initial sections of these 
curves are rectilinear, that is, in a certain 


comparatively narrow interval of low 
stresses, the steady flow rate v, is directly 
proportional to the applied stress P, At 
the same time a noticeable flow of tin or 
lead only begins when a certain stress Po is 
reached, which can be called the creep limit, 
the magnitude of the creep limit, ultimately 
mainly depends on the accuracy with which 
the deformation is read off and in our ex- 
periments was equal to: for lead 0,095 kg x 
and for tin about 0.09 kgxmm™2, Thus 
in the interval of stresses adjoining the 
creep limit, the expression P—P 
in which the viscosity A remains constant, 
It has been shown experimentally [6, 7] that 
there is no creep limit for single crystals 
of tin (Po = 0) and the initial plastic flow 
rate is proportional to the applied stress 
over a fairly wide range of stresses right 
down to the yield point: P = )v, where 7 
is the viscosity, which keeps a constant, 
very high magnitude in the above interval of 
stresses, 

The value of the maximum plastic viscosity 
7 for tin single crystals may be calcul ated 
from the data of papers [€, 7]: 9 =P/v, = 
= 32x 1013 poise. Calculation of the maxi- 
mum plastic viscosity of polycrystalline tin 


from the curve of Fig.4 gives = = 

m 
x10 14 poise. A similar value of is also 
obtained for ] ead, 

As was to be expected, the maximum plastic 
viscosity of polycrystalline tin proved to 
be an order above the corresponding viscosity 
of the single crystal. 

It should be mentioned that estimation of 
the viscosity from the initial plastic flow 
rate, although it has the advantage, that it 
gives a viscosity value for metal, which has 
not been strain hardened, at the same time 
it has the substantial disadvantage, that it 
is very difficult to measure accurately the 
magnitude of the initial rate. If for 
single crystals, in which there is practical- 
ly no zone of elastic deformation, the 
initial plastic flow rate can still be 
accurately changed, then for polycrystalline 
metals the errors in the measurement of the 
initial rate are so large that it is impos- 
sible to use this value for determining 
the viscosity. 

In the zone of steady p) stic flow, when 
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the rate of deformation remains constant over 
a long period of time, its magnitude can be 
measured very accurately. In this case the 
viscosity values calcul ated using the con- 
stant steady flow rate are found to be 
rather higher than for a metal which has not 
been strain hardened, 

The relationship between the plastic vis- 


cosity Pe fo of tin and lead and the 


m 
stress are given in Fig.5. The maximum 
constant value of 7” is observed in a 
smal] interval of stresses near the creep 
limit. When the stress increases the magni- 
tude of 7° drops contiruously and is re- 
duced by 2-3 powers for stresses of 0. 7-0.8 
kg x 2, 

A graph is given in Fig. € for the rel ation- 
ship between the steady plastic flow rate 
of lead and the stress in the zone of com- 
paratively high stresses, When the stress 
is about 0.7 kg x mm”?, the curve giving this 
relationship rises very steeply and its 
direction becomes almost parallel to the flow 
rate axis. On continuing the section of the 
rheological curve, where it is asymptoti- 
cally approximated to a straight line before 
it intersects the stress axis, we obtain a 
certain stress P|, which may be taken as the 
practical yield point (according to Bingham). 
In actual fact, even in the case of a small 
advancement from Ric of several hundred kg x 
mm” 2 in the direction of higher stresses, 
the plastic flow rate of lead increases very 
shamly. It is impossible to exceed the 
stress F. by any large magnitude, as in this 
case the testpiece has already begun to 
rupture during the experiment (after 2-30 
hr). 

The magnitude of the plastic viscosity for 
this zone of high stresses may be written 
as: 


= P—P./o,,. 


But as P/v, = 1, where 7 is the effective 
(Newton) viscosity, then P,/v, = If 
77,<%, which is also the case in the given 
zone of stresses, then . =v, x 7, that is 
the product of the steady flow rate and the 
effective viscosity remains constant and 
equal to the practical yield point. This 
mechanism, is, apparently, based on the 
known experimental fact that the shear stress 
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Fig. 5 Relationship between the plastic 
viscosity of tin and lead and the applied stress 


of the metals is independent of the rate of 
deformation over a wide interval of such 
rates, 

Thus, the effective viscosity of the metals 
investigated, which is determined according 
to Newton as 7 = P/v,, alters with respect 
to the applied stress (falling when it in- 
creases) and cannot therefore be a physical 
parameter characteristic for the given metal, 
The plastic viscosity of the metal, deter- 
mined by F.F. Shvedov, as No= P—P,/um, in 
the interval of stresses adjoining the creep 
limit Po, remains at a constant value, which 
does not depend on the applied shear stress, 
and is then reduced when the stress 
increases. This very large constant value 
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Fig. 6 Relationship between the steady flow of 
lead and the applied stress in the region of 
comparatively high stresses. 
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for the plastic viscosity may be used as a 
physical characteristic for the metal. In 
the zone of high stresses close to the shear 
stress the stress itself was used as the 
physical characteristic of the metals in- 
vestigated by us, as in this stress zone the 
viscosity is inversely proportional to the 
rate of shear and the shear stress as a 
result, turns out to be independent of the 
rate of deformation. 
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Fig. 7 Relationship between the steady flow rate 
of tin and the applied stress at 89°C. 


The relationship between the steady plastic 
flow rate of tin at 89°C and the applied 
shear stress is given in Fig.7. Here a 
direct proportionality is also observed 
between v, and P in the interval of stresses, 
adjoining the creep limit. But the creep 
limit itself Pp is only equal to 0.03 kg x 
mn”? at this temperature, which is consider- 
ably displaced in the direction of smaller 


stresses, Calcul ation of the constant maxi- 
mum plastic viscosity 7: in this stress 
interval gives | =P - Py/v, = 1.5 x 10% 
poise, that is at 89°C the viscosity Fe 
turns out to be an order lower than at room 
temperature, 

We should like to express our sincere 
thanks to academician P.A. Rebinder for his 
valuable assistance in discussing the results 
of this paper, 


Translated by AHR. Langmead 
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Up to the present, the stvdy of the in- 
fluence of low melting point metals on the 
mechanical pronerties of refractory metals 
and alloys has been carried out using poly- 
crystalline specimens, testing in compres- 
sion, bend or torsion. The most general 
result of these experiments is that, in the 
presence of a molten metal environment, the 
plasticity and strength of the specimens 
being deformed in this medium undergo a sharp 
decrease [1-9]. 

It has also been discovered that the magni- 
tude of this effect of decreased plasticity 
and strength under the influence of a fused 
metal, depends to a great extent on the 
nature of the metal being deformed, and the 
nature of the surrounding low melting point 
molten environment, 

In the opinion of some authors [2, 3, 13] 
molten metals which form solid solutions or 
intermetallic compounds with the basic metal 
exert a great effect, whereas the absence 
of interaction between the basic metal and 
the molten environment leads to a consicer- 
able decrease in the magnitude of the effect, 
Moreover, the action of the molten metal 
depends on the mechanical characteristics of 
the original specimen, The higher its 
strength and hardness, the sharper will be 
the action of the medium [4, 7, 8]. Brittle 
rupture can take place in both the elastic 
and plastic field, depending on the elastic 
limit of the steel [7]. 

The conditions under which the experiments 
are carried out, plays a substantial role: 
the character of the stressed state, the rate 
of deformation or the rate of applying the 
load, the amount of time for which the speci- 
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men is in contact with the molten medium and 
the temperature at which deformation takes 
place, Thus, for example, the influence of 
the molten medium does not appear under the 
action of compressing stresses [1], but it 

is very prominent under the action of tensile 
stresses [1-9]. The effectiveness of the 
action increases when the rate of applying 
the load or the rate of deformation is de- 
creased and also with increasing the time for 
which the specimen is in contact with the 
molten medium prior to testing [1-5]; the 
effectiveness of the action of the molten 
medium grows rapidly with increasing the 
temperature of the experiment [1, 7-9]. 

The experimental data concerning the in- 
fluence of molten metals on the mechanical 
properties of refractory metals has not yet 
been exhaustively explained. Many authors 
put these phenomena down to normal inter- 
crystalline corrosion, suggesting that the 
molten medium, diffusing along the grain 
houndaries, by some mechanism or other, 
weakens the bond between the grains [2-4, 

10- 12]. 

Of great importance for the correct under- 
standing of the phenomenon of the decrease in 
the strength of metals under the influence of 
fused low melting point metals are the works 
of Kishkin [7] and Potak [8], which emphasize 
the connexion between these phenomena and 
the decrease in the strength of metals due to 
adsorption effect. The decrease in the 
strength of solids due to adsorption effect 
[15] is the best known manifestation of the 
physicochemical interaction between an ex- 
temal medium and a solid which is being 
deformed [16]. This effect, as is known, is 
explained above all by the fact that surface- 
active substances, by lowering the surface 
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energy of a solid, promote the onset of 
plastic shear and the formation of various 
defects at lower stresses. The primary, 
initial action of adsorption comes down to 
the fact that surface-active substances, by 
penetrating into the developing surface 
defects — microscopic cracks - amd being 
adsorbed on the walls, promote the further 
development of the defects, which leads to 
the premature failure of the solid, 

The drop in the strength due to adsorption 
should, obviously, grow as the interphase 
surface energy on the boundary between the 
solid and the environment decreases; since 
the magnitude of the interphase surface 
energy determines the probability and the 
work of the formation, ir the deformation 
process, of the surface defect nuclei of 
shearing or rupturing, 

The effects of decreased strength and 
facilitated deformation due to adsorption are 
kinetic in character, in connexion with which 
the biggest influences exerted by an external 
medium due to adsormtion, as was shown in 
works [17-19], are observed in the case of 
protracted action by favourable stressed 
states — under conditions of creep, endur- 
ance or fatigue strength. 

Organic surface-active substances — the 
normal active components of lubricants — can 
be used only at low temperatures. Consider- 
ably more active, giving rise to a bigger 
drop in the surface tension of metals, that 
is to say more easily adsorbed, are surface- 
active, comparatively low melting point 
metals and alloys. 

The occurrence of quite small values of 
interphase surface tension O45 on the boun- 
dary between two phases corresponds, accord- 
ing to Volmer’s concept [14], to a spon- 
taneous dispersion up to particles of col- 
loidal dimensions under the action of thermal 
motion. Moreover a thermodynamically stable 
colloidal solution is formed — a suspension 
or an emul sion - ultimately a dispersed tw- 
phase system conststing of two mutually 
saturated phases in equilibrium The in- 
crease in surface energy with such a disper- 
sion is quite smal] and is fully compensated 
by the increase in the entropy of the system 
due to the equal distribution of particles 
throughout the whole volume of the medium. 

Mm approximated condition for spont ameous 


dispersion results in the fact that 3,,< s,, 


where = average size of a 


mosaic block 107° cm), or the dispersion 
criterion D, 4m/RT should fulfil the 
condition Di<1 (20, 21). At high tempera- 
tures spontaneous dispersion can take place 
even at stresses which are not very low 

o 5~0.1 erg em” *, Usually with an increase 
in temperature, moreover, 71, also decreases 
sharply as a result of the increase in 

mutual solubility. The extreme case of the 
critical point, according to Mendel eyev 
¢,.7 0, corresponds to the disappearance 
of the colloidal phase, that is to say to 
unlimited mutual solubility with the forme 
tion of a true (singlephase) solution. 

In the case of big values of G15 (%4, 
>o,,)» dispersion cannot be self-induced, 
that is to say it only takes place under the 
influence of external forces, but in this 
case the strength of a solid in a given 
liquid phase (P,,)4 is decreased al] the more 
in comparison with the strength in vacuo 
(P Jovthe more o 1p is decreased. In this 
case the conditional dispersion criterion 
is 

/), == —BP - RT <4; 


and the magnitude of the effect of decreased 
strength, determined under conditions of 
brittle rupture by the expression: 


(Pm)o — (Pm) a: —- 
(Pm)o 


’ 


can reach very considerable values 

The study of the rules and mechanism of 
the influence of moltem metals on the mech- 
anical properties of refractory metals is 
best carried out on single crystal specimens, 
firstly because here there are no grain 
boundaries to complicate the study of these 
phenomena, and also because single crystal 
metals possess high plasticity, as a result 
of which an increase in brittleness and a 
decrease in strength should manifest then- 
selves especially clearly. 

For the experiment, single crystals of 
zinc and cadmium were chosen, molten tin and 
lead were chosen as surface-active media 

The single crystals of zinc (99.99% and 
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cadmium (99.999%) up to 30 cm long and 0.5- 
9.6 mm in dia. of various orientation were 
grown by a method of zonal crystallization 
[19] developed in our laboratory. 

Soheres (up to 1mm in dia) were fused 
onto the ends of working specimens 15 mm in 
length by means of bringing them in contact 
with a fused platinum coil. By means of 
these spheres the specimen was fixed in the 
clamps of a Polanyi instrument. All the 
experiments were carried out in tensile 
conditions with a constant deformation rate 
of v = 10-15%/min" The temperature of the 
crystal was kept constant in the course of 
the experiment with an accuracy of * 5°G 
To avoid oxidation in experiments at in- 
creased temperatures, the specimens were 
surrounded by a thick layer of graphite 
powder. 

The metallic medium in the form of a thin 
layer 5y in thickness was deposited el ec- 
trolytically on the surface of the single 
crystal being studied. The thickness of the 
electrolytic coating was determined by 
weighing, In order to obtain a tin ~— lead 
coating on the zinc specimens with a given 
content of the constitvents, electrolytic 
layers of tin and lead were deposited al ter- 
nately on the surface of the sirgle crystal 
in a specified weight ratio. The singie 
crystals with their deposited layer of low 
melting point metal were placed in a tube 
filled with finely diswersed graphite powder 


and held prior to the experiment at 250°C 
for 4 hr. 

Using a metal coating in the form of a 
thin layer gives many advantages. Firstly 
it ensures considerably more rapid satura- 
tion with molten metal coating by the metal 
being deformed in its medium at a given tenm- 
perature of the experiment. Secondly, a 
small quantity of the metal being investi- 
gated is dissolved in the thin layer, dow 
to 350°C for zinc and 270°C for cadmium, in 
such a way that one can disregard the de- 
crease in dia of the specimens which takes 
place when this happens. As the check ex- 
periments which were carried out at 250°C 
showed, the tension diagrams of single cry- 
stals of zinc in a tin bath saturated with 
zinc coincide with the tension diagrams for 
zine coated with an electrolytically deposi- 
ted layer of tin. 

Fig. 1 shows tension diagrams in true 
stresses at various temperatures for single 
zine crystals coated with a layer of tin, 
and also uncoated. As can be seen from Fig, 1 
the influence of the film of tin on the 
mechanical properties of a single crystal of 


zinc at roon tempereture is very insignifi- 
cant. The film has some strengthening action 
in the initial region of flow, whilst the 
plasticity of the single crystal remains 
unchanged, ith an increase in temperature 
up to 200°C the action of the layer of fused 
tin, whilst not giving rise to significant 
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Fig. 1 Graph showing the dependence of true stress P = Pa(1 +i) 
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deviations from the tension diagram for an 
uncoated single crystal of zinc in the initial 
region of flow, leads, with further defor- 
mation of the specimens, to a drop in their 
plasticity and to a decrease in true strength, 
that is to a decrease in the rupture stress 
calculated on the true cross-section of the 
specimen at the moment of rupture, At 
higher temperatures a sharp drop in the 
plasticity and strength of the specimens 
takes place, 

The effect of fused tin on single crystals 
of zinc as a function of temperature is 
shown in Fig.2, The relative decrease in the 
amount of deformation at the moment of 
rupture of specimens coated with tin €, in 
comparison with the deformation at the moment 
of rupture of uncoated single crystals of 
zinc €, was taken as a measure of the effect 
and was expressed as a percentage: 
fa 100% 

Eq 

The relative decrease in the true rupture 
stress of the specimens deformed in the 
molten environment P, in relation to the true 
rupture stress of specimens without a metal 
coating P, was the measure used for the 
weakening action of the medium, expressed as 


Pa 


a percentage: x 100%. 


0 

Together with this, the very character of 
the rupture is changed: from plastic in air, 
it becomes brittle in a active medium, 
Therefore the drop in the rupture stress of 
zinc under the influence of tin cal cul ated 
according to the rupture area is even more 
sharply expressed, and the effect is a change 
in character. The sharp influence of tempera 
ture, in the region of 300- 400°C, is obviously 
connected with the increased solubility of 
the zinc in the liquid tin (45 per cent at 
350°C and 92 per cent at 400°Q, which 
promotes a sharp decrease in the interphase 
tension, 

In the same way, the influence of molten 
lead-tin alloys (with a varied tin content) 
on the tension diagram of single crystals of 
zinc was studied, Fused lead by itself, 
proved to be comparatively mildly surface- 
active in relation with zinc and did not give 
rise to a decrease in strength and plasticity 
in these conditions, Fig.3 shows than even 
comparatively small additions of a surface 


active layer to the molter environment gives 
rise to a rather sharp drop in the strength 
and plasticity of single crystals of zinc, 
This effect reaches a limit at 20 per cent 
tin, and a further drop is noticed only with 
a tin content of more than 80 per cent — when 
approaching pure tin, which is obviously 
connected with the sharp increase in the 
solubility of zinc in such molten environ- 


ments, 


Fig. 2. The temperature dependence of the 
magnitude of the effect due to the action of tin 
for single crystals of zinc (/) == 44°): 


ig 
Po 


We held single crystals of zinc, coated 
with a thin layer of tin, at 400°C without 
stressing for a duration of time corresponding 
to our experiments and then placed them in 
liquid lead at the same temperature. Then, 
with sufficiently long holding in the fused 
lead, the action of the tin disappears 
entirely and the normal strength and 
plasticity of the single crystals are 


AO 5G 


4, 20 77) 
% 


Fig. 3. The dependence of true strength P| and 
the greatest elongation €, before rupture in 
single crystals of zinc (X,, = 42°) on the con- 
centration of tin in the alloy and of tin with 


lead at 350°C. 
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restored. These tests indicate the absence 
of any noticeable role played by the diffusion 
of tin into zinc (Fig. 4). 


Fig. 4. Restoration of plasticity and strength of 
single crystals of zinc (X,* 22°) coated with 
tin after holding them prior to tension in a 
molten environment of lead at 400°C: diagrams 

P ~€ at 400° for uncoated single crystals of zinc 
(curve 1); for single crystals of zinc coated 
with tin (curve 2); for single crystals of zine 
coated with tin after preliminary holding for half 
an hour (curve 3) and for 4 hr (curve 4) ina 
molten environment of lead prior to tension. 


Obviously the penetration of tin, and in 
connexion with this the drop in Ri, as well, 
takes place only along the developing surface 
defects — the nuclei of shears and rupture, 

We also obtained significant effects of a 
decrease in strength and plasticity on single 
crystals of cadmium in the presence of liquid 
tin (Figs. 5,6). The inherent tendencies of 
the action of liquid tin, which were 
established on single crystals of zinc are 
reproduced entirely on single crystals of 
cadmium as wel], 

The results which we obtained, point 
directly to the very important circumstance 
that the action of surface-active molten 
metal environments is not connected with the 
presence of grain boundaries in a refractory 
metal. This action is also found on single 
crystals of metals when there are no inter- 
crystallite boundaries, and can reach a 
significant size under favourable temperature 
conditionse This conclusion, of course, does 
not mean that grain boundaries in a polycrys- 
talliné metal do not play any part at all in 
the effect which is occasioned by the action 
of a molten environment, They can play a very 


considerable role and in some cases even a 
decisive role, however it should be borne in 
mind that a surface-active fused metal 


LP 


2500}P (g/mm?) — 
2000 

1500 


20° 


| 


GOO 


Fig. 5. The dependence of true stress P cn the 
elongation per unit length € in single crystals 
of cadmium (X= 39°), without an external 
coating (1) and coated with a thin film of tin 
(2). 


| 


Fig. 6. The magnitude of the effect due to the 
action of a film of tin in single crystals of 
cadmium (X= 39°) depending upon the tempera- 
ture. 


environment can lower the strength and 
plasticity of an individual grain as much as 
required as a result of a sharp decrease in 
the interphase surface tension, In the 
presence of such a strong surface-active 
substance as a molten metal] is for a refrac- 
tory one, even very small normal stresses lead 
to the formation and development of cracks, 
and the latter to the brittle rupture of the 
metal. For this to happen, it is only 
necessary for the kinetics of crack develop- 
ment to correspond to the kinetics of pene- 
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12. E. Rhead, Metall. Inst., 18, 365 (1921). 
13. E. Daniels, Trans. Faraday Soc., 31, 1277 


tration of a surface-active fused environment 
into the meta] along these cracks, 


Translated by J.J. Cornish 
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A study was made of internal friction due to relaxation in hardened and 


tempered steels mark U7A and UQA. 


[1] the diffusion coefficients and the activation energy were computed. 


On the basis of the data obtained and work 


This 


showed that the peak of internal friction at 228-255° is brought about by 
diffusion events of carbon in austenite under the action of stresses. 


The work of many steel components which have 
been subjected to hardening and tempering is 
accompanied by an alternating load at 
increased temperatures. It is therefore 
interesting to study the nature of relaxation 
phenomena in hardened and tempered steels. 
Investigations similar to these can also assist 
the further development of the theory of 
hardening and tempering steel. 

Yorks 2] give the results of measuring 
internal friction in carbon steels subjected 
to hardening and tempering at 100-600°. 

Steels were studied containing 0,015, 0.28, 
0.35, 0.46 and 0.58 per cent of carbon. In 
all these steels, apart from the one contain- 
ing 0.015 per cent C, a sharply defined peak 
of internal friction was observed at a temper- 
ature of about 200°, 

With an increased carbon content in hardened 
steels the height of the peak increased; with 
an increased tempering temperature the height 
dropped and at 600° the peak disappeared. 

The author of works [1, 2} connects the 
appearance of the peak of internal friction 
with the presence of martensite in the steel, 


and its decrease and disappearance in 
tempering — with the decay of martensite. 

In the present work specimens of high carbon 
steels in the form of wire were chosen for 
investigation; their composition is given in 
Table 1. The choice of the steels indicated 
was influenced by the fact that in them, 
bigger effects of the internal friction were 
expected in comparison with low carbon steels, 
Furthermore, these steels (type V-1) are used 
extensively in practice for making springs, 

Testpieces 0.8 mm in diameter and 320 mm in 
length were investigated. Vacuum annealing 
was carried ovt at 1000° for 2 br prior to 
hardening. The annealed specimens were sub- 
jected to hardening from 800° and to tempering 
for one hour at temperatures of 100, 200, 

250, 350, 450, 500 and 700°, 

internal friction was measured on a vacuum 
type torsional pendulum RKF-MIS-1 at vibra- 
tional frequencies ofw, = 1.33 and 
@, = 2.98 c/s. 

The results of the measurements are given 
1 and 2 
1 summarizes the data for steel 


in Figs. 
Fig. 


TABLE 1 
The composition of the steels investigated, (%) 


Vn Si 


Ni,Ti Cu 


0.47 
0.24 


Lessthan 0.1 


* Fiz. metal. metalloved. &, No.2, 294-301, 1959, 
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containing 0.71 per cent C, Fig. 2 — 0.92% C. Quo 


From Figs. 1 and 2 the presence of peaks of | 
internal friction can be seen at temperatures 
of 220-260°. An increase in the tempering 130 AR fi /\ 
temperature leads to a lowering of the peaks, 
which is in accordance with the results of /0+-— mat 
works [i, 2]. Fig. 3 shows how the heights 100 ! thf? \\ 
of the peaks of internal friction are dependent 
on tempering temperature for the steels Fj \ 
investigated. The values obtained can be 30\7—F / 7 | V 
plotted on straight lines with only a small 
amount of spread. 50— | iwi 4, 
40 dL L LESS, 
100 / / 4Q 80 120 160 
90 
4 A Fig. 2. Temperature trend of internal friction in 
60 f specimens of steel containing 0.92% by weight of 
70 carbon: 
60 1 hardening from 800°; 2 tempering at 100°; 
50 J 3 - tempering at 250°; 4 - tempering at 350°; 
40 5 tempering at 450°; 6 — tempering at 500°; 
wot 7 - tempering at 700°; 8 - annealing at 1000°; 
20 
o Ce 5 presence of the peak can be explained by 
10 cm om=0F relaxation along the grain boundaries and 
W 80 (20 160 a diffusion in the martensite or in the less 


strong austenite induced by stresses. How- 
Fig. 1. Temperature trend of internal friction in ever the mobility of carbon atoms in these 


specimens of steel containing 0.71% by weight of phases is substantially different and it is 
carbon: impossible to expect the disposition of 

1 ~ hardening from 800°; 2-—- tempering at 200°; diffusion peaks over martensite and austenite 
3 — tempering at 350°; 4 — tempering at 450°; at one and the same temperature. 

5 - annealing at 1000°. Unfortunately there is no straightforward 


information available about the diffusion of 
carbon in martensite, If one assumes that 


Table 2 and Figs. 4 and 5 show the depen- the diffusion rate of carbon in martensite is 
dence of the temperature and size of the 
peaks for a frequency of the order of one TABLE 2 
cycle per second upon the carbon content in 
hardened steels. The table contains data The dependence of the temperature and 
obtained in the present work and in work [1]. size of peaks on the carbon content 


Both values rise almost linearly with the 

increase in the carbon content, Carbon content (%)| @ 1, 104 t (°C) 
It is interesting to determine the nature 

of the peaks of internal friction at the 0. 46 125 192 

temperatures indicated. Hardened steel 0.58 135 208 

consists of a mixture of martensite and a 0.71 143 230 

certain amount of residual austenite. The 0.92 148 248 
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/ 


100 200 300 400 $500 


Fig. 3. The influence of the tempering tempera- 
ture of hardened steel on the peak of internal 
friction at 200°: 

1-0.71% C; 2-0.9% C. 


not vastly different from its diffusion rate 
in ferrite, and if one calculates the tempera- 
ture at which the mean time between jumps of 
a carbon atom will correspond to the relaxa- 
tion time for selected vibrational frequen- 
cies, this temperature is found to be around 
100°. In actual fact in work [3] the peak of 
internal friction, connected with transfor- 
mations in martensite, was observed at 130° 
and disappeared at 170°. The data in Table 2 
and Figs. 1 and 2 show that the temperatures 
at which maxima of internal] friction were 
observed in the present investigation were 
considerably higher than 130°. Therefore it 
is quite probable that the peaks of internal 
friction at 200-260°, which are observed in 
hardened and tempered steels, are connected 
with diffusion events in austenite induced by 
stresses, 


T, eak 


t(°c) 


} 


x— data from [1] 


240 


22 


}7 08 

C,% 
Fig. 4. The dependence of the temperature of the 
peak of internal friction in hardened steels on 
their carbon content at w=1 c/s. 


It can be seen from Fig, 5 that in hardened 
steel the size of the peak increases linearly 
with the increase in carbon content (average 
values of the content of residual austenite 
in steels are taken from work [4]. The growth 
of the maximum of internal friction is in 
accordance with the increase in the content 
of residual austenite and is accompanied by 
a decrease in the martensite content in the 
steels. In order to evaluate the amount of 
residual austenite in the steels investiga- 
ted, magnetometric measurements were carried 
out. At the temperature of the peaks the 
intensity of magnetization of steel contain- 
ing 0.9 per cent carbon is about 85 per cent 
of the intensity of magnetization of a steel 
containing 0.7 per cent carbon, This con- 


firms experimentally the correctness of the 
the data set forth in Fig. 5. 


Residual austenite 
! 2 4 é 


x- data from [1] 


LA 
x 


“D505 


as 

C, 
Fig. 5. The dependence of the peak of internal 
friction in hardened steels on their content of 
carbon and residual austenite (w<—-1 c/s). 


With an increase in carbon content, the 
temperature corresponding to the maxima of 
internal friction in hardened (Fig. 4) and 
tempered steels rises practically linearly as 
well, 

To confirm the data and considerations which 
have been set forth concerning the nature of 
the peaks of internal friction, diffusion 
coefficients and activation energies corres- 
ponding to the positions of these peaks were 
calculated. To determine activation energies 
additional measurements of internal friction 
were carried out at a vibrational frequency 
of 2.08 c/s, Figs. 6 and 7 give the curves 
obtained for hardened and tempered steels 
containing 0.71 and 0.92 per cent carbon at 
various frequencies, 

The values of the diffusion coefficients 
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and activation energies compare well with the 
data of various authors on the diffusion 
coefficients and activation energies of the 
diffusion of carbon in austenite, 

Many works [5-8] have been devoted to the 
measurement of the coefficients of diffusion 
of carbon in austenite. The most complete 
data are presented in works [6 and 7] in which 
the investigations were carried out on 
specimens welded from two steels containing 
different amounts of carbon and subjected to 
long homogenizing, The calculations were 
carried out by the Matano method, taking into 
account the influence of the concentration of 
diffusing carbon on the value of the diffusion 
coefficients. The data obtained in works 
[6 and 7] characterize the coefficients of 
diffusion of carbon in unstressed austenite 
in equilibrium which are expressed by the 
formulae: 


‘ __ 32,000 
Di, = (0.07 + 0.06% C)exp| 


Di = 0.04 + 0.08% C)exp| — 
Coefficients of diffusion of carbon in 
austenite previously subjected to hardening 
are determined in work [8]. Measurements 
were carried out at 1000, 960 and 930°. To 
avoid the influence of high temperature 
homogenizing on the elimination of hardening 
effects in austenite the metallographic method 
was used, which demands soaking from 5 to 
20 min at 930-1000°. The results presented 
in work [8] for austenite obtained after 
single hardening, give, on calculation, a 
formula which characterizes the values of 
diffusion coefficients in stressed austenite 
with defects due to hardening: 
36,600 
RT |. 


= 0,4exp 


(3) 


The average carbon content in the austenite 
amounted to 0.7-0.8 per cent. 

Calculation of diffusion coefficients using 
data from internal friction was carried out 
employing the formula in work [9]: 

Dx (4) 
where a is the crystal lattice constant; 
+7 the time, dependent upon the relaxation 
time and @ is the geometry factor, which is 


determined by placing around an interstitial 
atom the neighbouring points of a crystal 
lattice into which it can travel. For a 
face-centred lattice a= 1/12, for a body- 
centred lattice a= 1/24. The value of T was 


taken as being equal to 3/2 tr( tr = — the 


relaxation time [9]). 


140 


130 


120 


90 


80°80 200 220 240 260 
t°C 


Fig. 6. Temperature trend of internal friction in 
specimens of steel containing 0.71% by weight of 
carbon at different frequencies. Hardening from 
800°: 

1 — at W= 1.33 c/s; 2 - w= 1.81 c/s. 


Tables 3,4,5 and 6 indicate the values of 
the diffusion coefficients of carbon in 
austenite for hardened and low temperature 
tempered steels computed by formulae (1)-(4). 

The data in Tables 3, 4 and 5 show the 
contrast between the values of diffusion 
coefficients of carbon in austenite 
determined from peaks of internal friction, 
and the values computed using formula (3) for 
the same temperatures, The expected dif- 
fusion coefficient of carbon in martensite is 
five orders bigger, This again bears witness 
to the fact that the peaks of internal 
friction in hardened and low temperature 
tempered steel are explained by diffusion of 
carbon in residual austenite induced by 
stresses, The values of the diffusion 
coefficients calculated by formulae (1) and 
(2) are correctly one order bigger. The data 
obtained correspond to the results of work 
[8], according to which the diffusion rate of 
carbon in austenite which has been subjected 
to hardening, is less than in austenite which 
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has not been subjected to hardening. With a 
view to confirming this fact further, the 
internal friction of testpieces of steel with 


Qxio* 
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Fig. 7. Temperature trend of internal friction 

in specimens of steel containing 0.92% by weight 

of carbon at different frequencies. 

Hardening from 800°. 
1 -w= 1. 33 ¢/s; 

Tempered at 250°: 
1-w= 1.33 c/s; 


2-W= 2.08 ¢/s 
2 -w= 2.08 c/s. 


a carbon content of 0.92 per cent, twice 
subjected to hardening from 800°C was 
measured. 

Fig. 8 shows curves obtained at a frequency 


of 2.08 c/s for specimens subjected to single 
and double hardening. The second hardening 
leads to the maximum being displaced to the 
higher temperature region, which testifies to 
increased stability of residual austenite in 
a twice-hardened specimen, Calculations 
showed that the second hardening leads to a 
further decrease in the diffusion coefficient 
of carbon in austenite. This decrease is 
twice the size of that resulting from the 
first hardening. 

Thus the stressed state and the defects 
which are created.in hardened and low ten- 
perature tempered stee] lead to a slowing 
down of the diffusion of carbon in residual 
austenite, 

It should be noted that in the steel with 
0.92 per cent carbon the diffusion coef- 
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Fig. 8. Temperature trend of internal friction in 
specimens of steel with 0.92% C, subjected to 
single and double hardening at a frequencyof 2.08c/s: 
1 — single hardening; 2 —- double hardening. 


TABLE 3 
Values of the diffusion coefficients of carbon for steel with 0.92% C 


Temperature 


Diffusion coefficients by formulae (cm?/sec) 


by 
formula (4) 


of peak 


(°K) (1) (2) (3) 


Heat Frequency 


treatment c/s ‘om? 
sec 


4.9x 10725 | 7.2.x 10715 


6.2x 10725 | 11.2 x 10715 


4.9 x 10715 | 7.2 x 10715 


1.59 x 10715 
2.53 x 1074 


1.59 x 10716 


6 


Har den ing 5.97 x 107! 


from 800° 


Hardening 9.3 x 10726 


from 800° 


Hardening 5.97 x 10715 
and tempering 


at 250° 


TABLE 4 
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Values of the diffusion coefficients of carbon for steel with 0.71% C 


Temperature 
of peak 
(°K) 


Diffusion coefficients by formulae (cm2/sec) 


(1) 


(2) 


(3) 


Heat 
treatment 


Frequency 
c/s 


DY by 
formula 


em? ) 
sec 


(4) 


1.41 x 10715 


1.78 x 10715 


4.64 x 10715 


2.36 x 10715 


3.06 x 10725 


8 x 10715 


0.505 x 10724 
0.695 x 10*26 


1.59 x 10715 


Hardening 
from 800° 


Hardening 
from 800° 


Hardening 
and tempering 
at 350° 


5.93 x 10725 


8.1 x 10715 


5.93 x 10725 


TABLE 5 


Values of the diffusion coefficients of carbon for steel with 0.58% C [1] 


Temperature 
of peak 
(°K) 


Diffusion coefficients by formulae (cm/sec) 


(1) 


(3) 


Reat 
treatment 


Frequency 
c/s 


bY by 
formula (4) 


8.56 x 10715 
6.48 x 10715 


11.3. x 10715 


0.138 x 10715 
0.225 x 10715 


0.496 x 10724 


Hardening 
Hardening 
and tempering 
at 100° 
Hardening 
and tempering 
at 200° 


4.46 x 10716 
4.46 x 10715 


4.46 x 10716 


TABLE 6 


Values of the diffusion coefficients of carbon for steel with 0. 46% C [1] 


Temperature 


Diffusion coefficients by formulae (cm?/sec) 


of peak 
(°R) 


(1) 


(2) 


(3) 


Heat 
treatment 


Frequency) 
c/s 


by 
formula 


cm? 
sec 


(4) 


460 


1.22 x 10715 


Hardening 


4.02 x 10716 


123 
501 1.33 
505 1.81 PF 
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TABLE 7 
The results of calculating H and Q by formulae (1)-(3) 


cal 
Q tte by formulae 


(1) (2) (3) 


Temperature of peaks 

Carbon Heat H cal 
at at treatment g atm 

1.33 (c/s) | 2.08 (c/s) 


content (%) 


521 Hardening 34,800 32, 000 31, 350 
from 800° 


Hardening 30, 490 32,000 31, 350 
and tempering 
at 250° 
0.71 Eardening 32,000 31, 350 36, 600 
from 800° 


i w,= 1.81 c/s 


ficients, which were calculated using the correspondence between the activation 
peaks of internal friction, are regularly energies determined by using internal friction 
nearer to those calculated using formula (3) and the data on the diffusion of carbon in 
than in the steel with 0.71 per cent carbon, austenite. 
The exception is the diffusion coefficient of, 
the specimen with 0.71 per cent carbon which 
had been subjected to tempering at 350°, 
This, apparently, can be explained by the: 
coherent binding of the tempered martensite 
and carbides with the original residual 
austenite, which leads to its being addition- and 0.92 per cent carbon, 

2. Maxima of internal friction were 


ally strengthened, 
In the stee] with 0.46 per cent carbon a observed at temperatures of 228-255° which 

correspondence of the diffusion coefficients drop with an increase in tempering tempera- 
ture and a decrease in the carbon content. 


calculated by formulae (1), (2) and (4) is 7 : 
shaerved. With a decrease in the cuban 3. The size of the peaks increases almost 
content, the residval austenite is found to linearly with the increase in the amount of 
be less stressed. residual austenite in the hardened steel. 

If the peak of internal friction is in fact 4. The temperature of the peaks increases 
explained by diffusion of carbon in austenite linearly with the increase in the amount of 
there ovght to be a correspondence between sectaiaee an the steel, } ' 
the activation energies #, computed from 5. Calculations of the diffusion coeffic- 
internal friction, and Q, using formulae ients and activation energies showed that the 
(1)-(3). The presence of peaks of internal friction should 
using the formula from 10): be connected with diffusion of carbon in 

residual austenite. 


6. The correspondence was shown between 
(5) the values of the diffusion coefficients 
measured by the method of internal friction 
where T, and T, are the temperatures of the in hardened and low temperature tempered 
peaks corresponding to frequencies w, and @,. steel, and the values determined by the metal- 
Table 7 compares the results of calculating lographic method, in austenite obtained from 


H and Q by formulae (1), (2) and (3). the hardened state, 
The data from Table 7 show a satisfactory 7. The maximum of internal friction in a 


CONCLUSIONS 


1. A study was made of internal friction in 
hardened and tempered steels containing 0.71 
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A CONTRIBUTION TO THE QUESTION OF THE MATURE OF DAMPING OF 
VIBRATIONS IN HARDENED AND LOW TEMPERATURE 
TEMPERED CARBON STEEL* 


M.A. KRISTAL and §.A. GOLOVIN 


Tula Engineering Institute 
(Received after abridgement 22 August 1958) 


\weasurement was carried out of the damping 
of torsional vibrations in hardened and 
low- temperature-tempered specimens of steel 
type 50A and U7A with successive straining 
after single and double hardening, cold 
working at -196°, and at increased tempera- 
tures. It is shown that the damping ovt of 
vibrations in the steels investigated is 
connected with the presence of residual 
austenite and its decay induced by tempering. 
At increased temperatures the possibility of 
the development of internal friction due to 
relaxation was noted, 

Measurements carried out earlier [1, 2] of 
internal friction due to vicroplasticity in 
heat treated steels type 504 and U7A, and 
also of internal friction due to relaxation 
in steels U7A and U9A, showed the substantial 
influence of residual austenite in hardened 
and low temperature tempered specimens on the 
damping capacity of steel. 

The present investigation was undertaken 
with the aim of developing this position 
further. Measurements of the damping of 
torsiona] vibrations were carried out on 
specially treated specimens of the steels 


- which were studied before, 504 and UTA (of 


the table). These types of steel were 
selected in connexion with their wide use for 
making components of machines which are 
subjected to vibrations in the course of their ' 
work, 

The damping of the torsional vibrations in 
the testpieces being investigated was measured 
on an instrument which recorded vibrograms 
with a tensometer (Fig. 1). 

The frame 2 was suspended in the operating 
position on a caprone thread 1. The specimen 
7 was firmly fixed in the upper (or lower) 
part of the frame and in the cross-beam 3 
which undergoes torsional vibrations together 
with the specimen, The specimen was twisted 
by turning the cross-beam around the axis of 
the specimen by means of a pair of electro 
magnets ?', which travelled along centring 
supports, The vibrations of the system 
specimen -cross-beam were recorded by means 
of wire or dynamic pick-upsP onto an oscil- 
Jograph, 

The resistance furnace 6 allowed the 
specimen to be |eated to 3€0° with intervals 
of 10°, The design of the furnace enabled 


TABLE 1 
Composition of the steels investigated 


Content of elements (%) 


Si 


metal. metalloved., 8 No.2, 302-308, 1959. 
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Type of 

50A 0.49 0.54 0.024 0.019 0.19 

UTA 0.70 0.18 0.021 0.026 trace 

‘riz. 
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the specimen to operate in an atmosphere of 
protective gas. Thus the design of the 
instrument permitted the temperature change 
of the vibration damping to be determined. 

The investigations were made on specimens 
7 mm in dia. which are often used for 
research such as this, Each curve was 
plotted on the data for three to five 
specimens, and ten vibrograms were taken of 
each specimen, Prior to hardening, the 
specimens were annealed for one hour, then 
subjected to quench hardening (steel U7A at 
800°, steel 50A at 860°) in water and 
tempering for one hour at various tempera- 
tures, 

The influence of successive straining on 
vibration damping in hardened and tempered 
specimens was also studied, The measurements 
showed that when straining low temperature 
tempered specimens the damping capacity is 
not changed. Figs. 2 and 3 show a decrease 
and then stabilization of the vibration 
damping in hardened specimens of steel 50A 
and U7A with straining connected with suc- 
cessive measurements, The measurements are 
mote noticeable in the hardened specimens of 


steel U7A (Fig. 2) than in specimens of steel 
50A (Fig. 3) with high torsional stresses on 
the periphery of the specimen. When the 
measurements of the vibration damping are 
repeated the stability of the readings 
increases as a result of decreasing the 
stresses and the carbon content, For example, 
for steel 50A at o = 15 kg/mm? practically no 
decrease in vibration damping is observed 
(Fig.3). The phenomena described are connec- 
ted with cold hardening of the residual 
austenite with successive straining of the 
specimen, When the influence of the residual 
austenite on the damping capacity of the 
specimens is substantial, a decrease in the 
quantity of residual austenite leads to a 
decrease in the vibration damping, Actually, 
it is shown in work [2] that tempering up to 
200° increases the rigidity of the specimens, 
that is to say it decreases the capacity to 
damp out vibrations, In as much as cold 
working is accompanied by additional trans- 
formation of residual austenite into marten- 
site [3] it was expected that such specimens 
would possess less damping capacity. 

The specimens were cooled in liquid - 


Assembly 
A 


Fig. 1. 
1 — caprone thread; 2 steel frame; 
5 — centring support; 6 — furnace; 

winding; M — electromagnet; 


559 


D dynamic pick-up; R rheostat; 


Diagram of the instrument for determining damping of torsional vibrations: 
3 — cross-beam; 
7~—specimen; & — thermocouple; 9— furnace 


4 — changeable weights; 


G — galvanometer. 
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nitrogen to -196° and were held for an hour, 
Figs, [4] and 5 show the change in vibration 
damping in hardened and low temperature 
tempered specimens of steel 50A and UTA 
before and after cold working depending upon 
the torsional stresses on the periphery of 
the specimen, As was expected, the cold 
working led to a decrease in the damping 
capacity of the steel, which confirmed the 
concept about the influence of residual 
austenite. Hardened and low temperature 
tempered specimens (100°) subjected to cold 
working, damp out their vibrations almost to 
the same extent as specimens of steel 
hardened and tempered at 200° (the lower 
curves in Figs. 4 and 5 are the same as for 
tempering at 200°). Thus cold working gives 
nearly the same result as tempering, leading 
to practically complete decay of residual 
austenite, The considerable increase in the 
rigidity of specimens of stee] U7A after cold 
working in comparison with specimens of steel 
50A is explained by the higher content of 
residual austenite in steel UTA, 


y, Yo 
6 


7N 


Fig. 2. Change in the damping of torsional 
vibrations in hardened specimens of steel UTA with 
successive straining: 

1 - at a stress of 17 kg/mm’: 

2- at a stress of 15 kg/mm’. 


6 


2 4 5 ON 
Fig. 3. Change in the damping of torsional 
vibrations in hardened specimens of steel 50A with 
successive straining: 1 —- at a stress of 
17 kg/mm?; 2 —- at a stress of 15 ke/um?. 


In specimens of the same steels which had 
been subjected to higher temperature tempering 
at 400 and 500° there was practically no 
change in the damping capacity after cold 
working, which is connected with the absence 
in them of residual austenite. As follows 
from the data presented, it is expedient to 
cold work specimens in which residual austen- 
ite is retained after tempering. 


¥, % 
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Fig. 4. Change in the damping of torsional 
vibrations in heat treated specimens of steel UTA: 
1 - hardening from 800°; 2 -— hardening + temper- 
ing (100°); 3 - working of hardened specimens 
(1) cold working at -196° (x); working of low 
temperature tempered specimens (2) cold working 
at -196° (0). 
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Fig. 5. Change in the damping of torsional 
vibrations in heat treated specimens of steel 50A: 
1 - hardened from 860°; 2- hardening and 
tempering (100°); 3 -— working of hardened 
specimens (1) cold working at -196° (x); working 
of low temperature tempered specimens (2) cold 
working at -196° (0). 


Hardening creates a considerable amount of 
residual stresses in steel. Therefore with 
a second hardening, conditions arise under 


| 19: 
| 
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which austenite is retained in the specimen 
than after single hardening, Therefore a 
twice hardened specimen possesses greater 
rigidity than a specimen hardened once 
(Fig. 6). 


Va 


V4 


4 6 8 10 16 


Fig. 6. Damping of torsional vibrations in 
specimens of steel U7A: 1 - single hardening; 
2 double hardening. 


The work of steel] components which have 
been subjected to hardening and tempering is 
often accompanied by an alternating load at 
increased temperatures, Therefore the 
temperature change and the nature of internal 
friction due to microplasticity in the steels 
under investigation are of interest. Fig. 7 
shows the temperature trend of vibration 
damping in specimens of hardened (curve 1) 
and low temperature tempered (curve 2) steel 
U7A. Internal friction due to microplasticity 
increases with increasing the temperature, 
and at a temperature of about 290° it 
reaches its maximum value in hardened 
specimens, after which it decreases. As can 
be seen from Fig, 7, such an increase of the 
damping of torsional vibrations due to tem- 
perature, is more apparent for hardened 
specimens and less apparent for tempered 
specimens, which allows this fact to be 
connected with relaxation in austenite caused 
by stresses, At the highest heating tempera- 
ture (350°) the curve for the tempered speci- 
men does not have a maximum, 

From the temperature of the peak of internal 
friction it is possible to calculate the 
value of the diffusion coefficient of carbon 
in that phase which is responsible for the 
relaxation process, Such a calculation can 
be carried out by the technique set forth in 
works [4-€]. The calculation allows one to 


assess the part played by diffusional 
relaxation in the formation of the maximum of 
internal friction on the curve for hardened 
steel. Calculations using diffusion peaks 
for a specimen of large diameter were 
carried out in work [7]. 

The diffusion coefficient is determined by 
the formula in [1, 4]: 

2 
Di=a—, (1) 
where @ isthe coefficient, for a face-centred 
lattice equal to 1/12; 


ais the lattice constant; 
=-— ,@ is the vibrational 


frequency when measuring). 

The present measurements were carried out 
at a frequency of 29 periods per second. 

The lattice constant of austenite for steel 
U7A is equal to 3.58 A, The results of the 
calculation by formula (1) give the value of 
the diffusion coefficient as equal to 

12.99 x 10715 cm/sec. 

It is necessary to compare the result 
obtained with the value of the diffusion 
coefficient of carbon in hardened austenite 
measured by another method as was done in 
work [1], in which a formula was presented 
for determining the values of Dj in hardened 
austenite which was obtained on the basis of 
converting the data from work [8] obtained at 
higher temperature: 


= 0.4exp ea (2) 


The feasibility of the extrapolation to low 
temperatures is given in work [1]. 

The value of the diffusion coefficient at 
the maximum on curve 1 of Fig. 7 (—~ 290°) 
using formula (2) is found to be equal to 
2.5 x 10715 cm?/sec, that is, of the same 
order as when calculating by formula (1). 

It is possible to assess the diffusion 
coefficient of carbon in austenite which has 
not been hardened by the data from work [9]. 
For steel with 0.7 per cent carbon content a 
similar conversion gives Di= 17.107? cm/sec 
at 290°. This latter value of the diffusion 
coefficient differs substantially from that 
measured on the basis of experimental data 
using formula (1). A comparison of the 
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values of diffusion coefficients of carbon in 
austenite allows one to think that a certain 
part may be played by diffusional relaxation 
in the formation of the maximum on curve 1 of 
Fig. 7. 
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Fig. 7. Temperature trend of damping of torsional 
vibrations in hardened and low temperature 
tempered steel UTA: 

1 — hardening (200°) at a stress of 18 kg/mm’; 

2 — tempering (100°) at a stress of 17 kg/mm’. 
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Fig. 8. The dependence of the damping of 
torsional vibrations on the duration of holding 
hardened specimens of steel U7A at a tempering 
temperature of 200° and at stresses of: 

1-18; 2-16; 3-14 ke/mr. 


Side by side with the continuous measure~ 
ments of vibration damping in hardened 
specimens dependent upon temperature, tests 
were carried out at 200° in the course of 
of the tempering process, In this case an 
increase in the rigidity of the steel was 
expected resulting from the decay of residual 
austenite, The results obtained are presen- 
ted in Fig. 8; the measurements were carried 
out every ten minutes for an hour, 

The data obtained show a linear decrease in 
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vibration damping with time, which is connec- 
ted with the decay of residual austenite at 
the tempering temperature, 


CONCLUSIONS 


1. A study was made of the damping of 
torsional vibrations in hardened and tempered 
steel U7A and 50A with successive straining, 
and also after cold working, single and 
double hardening, at room temperature and 
with continuous heating to 360°. 

2. In the hardened steel with the highest 
carbon content (U7A) at high stresses, a 
decrease in vibration damping appears when 
straining the specimens, 

3. Cold working of hardened and low tempera- 
ture tempered specimens (right up to 200°) 
leads to a decrease in the damping capacity 
of the steel. 

4. A second hardening of the specimens 
decreases their capacity to damp out vibra- 
tions. 

5. Measurements of the vibration damping in 
hardened specimens of steel U7A showed the 
presence of a temperature maximum on the 
curve at ~ 290° with continuous heating, 
Calculations of the diffusion coefficients 
for steel U7A showed, according to the data 
of the present work and work [1], that a 
certain role is played by relaxation in the 
austenite due to diffusion, 

6. The experimental data testify to the 
significant influence exerted by residual 
austenite on the damping capacity of hardened 
and low temperature tempered steel of the 
types investigated, 


Translated by J.J, Cornish 
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YNCERNING FERROMAGNETICS WITH TWO CURIE PCINTS” 


BOKCE-ERUYEVICE 


Lomonosov Voscow State University 


(leceived 1¢ November 1958) 


Previously it has been shown [1] that 
structural defects of a definite type can 
play the part of "centres of demagnetization" 
in ferromagnetics; in the vicinity of such 
defects, local levels of spin are formed, that 
is to say the localization of "left-handed" 
spins (orientated opposite to the original 
direction) is energetically advantageous, 
Such systems, obviously, are characterized by 
elementary perturbations of two types: — by 
normal spin waves and by "right-handed»spins 
in the defects. Let us signify by z the 
maximum number of left-handed spins capable 
of being localized at one defect, and let us 
assume for the sake of simplicity that the 
energy connected with the change in spin 
orientation of each of them A £ is not depen- 
dent upon the number of the remainder. Then 
the average number of right-handed spins in 
the vicinity of a given defect will be [2]:** 


z+] 


(1) 


Further, let the concentration of defects of 
the type in question be c. Then for spon- 
taneous magnetization at a temperature of T 
we shall obtain: 


(2) 


where f(T) is the function, which is determined 


* Fiz. metal. metalloved. 8, No.2, 309-310, 1959. 


**In the corresponding formula in work [1], instead 
of z, the symbol Nz has been figured erroneously, 
where N is the total number of defects. This 
error, as can easily be understood, does not 
influence the results of [1] except the last 
result (the sixth) which is incorrect. 


by the average number of spin waves; M, is 
the constant. In particular, when 
z>2, the normal Curie point) the 
equation (2) takes the form of: 

Ak 


M=M,{1-—2ez+2ce **}, (3) 


As was pointed out in work [1] the concept 
about local levels of spin remains in force 
even with rather large concentrations of 
defects. Therefore, in principle the 
occasion would be possible when; 


1— 2cz < 0, (4) 


but when 7 >7, > 0 the whole of the brace in 
formula (3) becomes positive (7) < 7.), This 
would imply that at absolute zero a given 
substance (on the strength of the demagneti- 
zing influence of the defects) is not ferro- 
magnetic, but at a certain temperature t. 
(the lower Curie point) it is transformed 
into a ferromagnetic thanks to the change in 
spin orientation in the local levels (the 
condition when 7) < T, ensures the proper 
smallness of the demagnetizing influence of 
the spin waves). Thus a ferromagnetic with 
two Curie points is obtained.** For T, we 
obtain, obviously: 


2c (5) 


AE 
k 

In 


2cez— | 


From this it is clear that the conditions for 
the existence of such a substance are rather 


* The possible existence of two Curie points in 
ferromagnetic semiconductors was discussed in 
work [3] in which, however, a completely 
different mechanism of the phenomenon was 
being studied. 
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inflexible: apart from the inequality of 


7) < T, the following must also take place: 


(6) 


Apparently the predicted effect of the 
disappearance of ferromagnetism at low 
temperatures should be sought in solid 
solutions of non-ferromagnetic substances in 
ferromagnetic substances. Actually, as was 
remarked in work [1], the dissolved atoms can 
be regarded as structural defects as soon as 
they are lined up in an irregular manner 
(the concentration c must be sufficiently 
smal] so that occasions are rare when 
dissolved atoms are directly adjacent to one 
another; in as much as z, apparently, is of 
the order of the co-ordination number, this 
does not contradict the condition in (6)). 
It must be emphasized however, that local 
levels of spin are not always formed in such 


solutions — it depends on the nature of the 
solute and the solvent. Unfortunately it is 
not possible to express the conditions for 
the existence of local levels indicated in 
work [1] by directly observable physical- 
chemical] characteristics without resorting to 
more or less clumsy models, 


Translated by J.J. Cornish 
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THE INFLUENCE OF PLASTIC DEFORMATION ON INTERNAL FRICTION 
IN TRON AND AN JRON-NICKEL ALLOY* 
R.S. LEBYEDEV and V.S. POSTNIKOV 
Kemerovo State Pedagogic Institute 
(Received 6 March, 1959) 


The present work investigates the influence 
of plastic deformation on internal friction in 
iron-based alloys by the same method and under 
the same conditions as before [1], with the 
one difference however that the heating rate 
was slightly higher, namely: Y = 6°/min, The 
error in measuring internal friction at high 
temperatures was reduced to ~-1 per cent. The 
results of investigation on electrolytic iron 
at rooling reductions of 8, 17, 30, 47, 70 and 
92 per cent, and on iron-nickel alloy (armco 
iron — 4% Ni) at rolling reductions of from 20 
to 80 per cent, are presented in Figs, 1-5 and 
in the table, The specimen was annealed at 
825° for one and a half hours, 

From Figs. 1-5 and the tabular data con- 
cerning the dependence of internal friction 
in iron and iron-nickel alloy on the degree 
of prior deformation, the heating speed and 
the duration of isothermal] holding, one can 
draw basically the same conclusions as for 
iron-tungsten alloy [1]. The same can also 
be said about the connexion between the 


level of internal friction and the strength 
of the alloy at high temperatures, However, 
for internal friction in the iron-nickel 
alloy there are some characteristic pecvii- 
arities, 

As can be seen from Fig.3, internal friction 
in the iron-nickel alloy has two maxima, 
whereas internal friction in the iron- 
tungsten alloy has one maximum, which 
disappears completely when measurements are 
repeated after annealing at high temperature. 
The first maximum of internal friction in 
the iron-nickel alloy almost completely 
disappears after high temperature annealing, 
but the second does not. Consequently the 
first maximum depends basically on prior 
deformation, and is connected with the 
phenomenon of recrystallization, It is easy 
to convince oneself of this, by determining 
the activation energy from pure shear by the 
curve Q-! (T) when changing the vibrational 
frequency (cf the table), and then comparing 


TARLE 1 


Results of the investigations on iron-nickel alloy 


Extension 
(%) 


Average 


Rupture stress (kg/mm) 


Activation energy (cal/mole) 


diameter 
of grains 


Before 
annealing 


After annealing 


(mm) 


25° 


25° 840 


Restora- 
tion 


gi 


I maximum 


II maximum 


0.028 
0. 025 
0.023 
0.021 
0.019 
0.018 


56.4 
60.0 
61.5 
63.0 
64.0 
67.0 


33.7 1.09 
35.0 1.01 
35.8 0.97 
37.0 0.93 
37.9 0.84 
39.0 0.85 


4600 
4200 
3700 
3300 
2900 
2700 


62, 000 
58, 000 
56, 000 
55, 000 
53, 000 
51, 000 


69, 000 
65, 000 
63,000 
62,000 
€0, 000 
59, 000 


* Heating, as in work [1] was carried out by an electric current. 


* Fiz. metal. metalloved. &, No.2, 310-314, 1959. 
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Fig. 1. The temperature dependence of internal 
friction (curves 1-6) and the nodulus of elasticity 
in shear (curves 1'-6') of plastically deformed 
iron: 

6,6' — 92% extended. 


4-48; 5,5' — 70; 


the data obtained with those of other 
researchers [2]. 

The appearance of the second maximum, which 
does not disappear, even after annealing, is 
apparently connected with grain boundary 
relaxation, because the height of the peak 
depends substantially upon the grain size of 
the testpiece. As can be seen from the table, 
the activation energy of this process is 
slightly greater than the activation energy 
of the recrystallization process, Both these 
activation energies decrease monotonously 
when increasing the degree of plastic defor- 
mation. Just as the recrystallization 
temperature for the iron-tungsten alloy lies 
in the region of 6€0-720° [1,2], so the 
second maximum for this alloy can be expected 
at a temperature higher than 840°. But 
measurements of internal friction were not 
carried out at temperatures higher than this, 

As a result of comparing internal friction 
in the iron-nickel alloy with that in the 
iron-tungsten alloy at a temperature of 
840°, for example for specimens with a 
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Fig. 2. Temperature dependence of internal 
friction and the modulus of elasticity in shear 
of annealed electrolytic iron after annealing at 
825°: 

1,1° — 8; 2 47; 
6,6' -— 92% extended. 


4-48; 5,5'- 70; 


3,3' — 30; 


20 per cent extension and for rupture 
stresses at the same temperature, it can be 
seen that the level of interna] friction can 
serve as a sort of characteristic of the 
strength of the alloy at high temperature, 
Other researchers have reached the same 
conclusion [3] when measuring the internal 
friction of the alloys nickel-titanium and 
nickel-chromiun, 

With regard to the activation energy of the 
process of restoring the internal friction 
with isothermic holding, which is determined 
in the same way as in work [1] by kinetic 
eurves, its value as before, is considerably 
less than the activation energy of diffusion, 
and even less than the activation energy of 
recrystallization, On the strength of this 
circumstance it can be concluded that the 
process of restoring the internal friction of 
pure metals and alloys is not diffusional, 
but takés place in another way, It is still 
a little early to talk about the mechanism of 
dislocation in the process of restoration 
[4-6], because there is not sufficient ex- 
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Fig. 3. Temperature dependence of internal Fig. 4. Temperature dependence of internal 
friction (curves 1-6) and the modulus of elasticity friction and the modulus of elasticity in shear 
in shear (curves 1'-6') of plastically deformed of iron-nickel alloy after annealing at 225°: 
1,1" - 20; 2,2'- 40; 4,4°- 60; 5 70; 
1,1' - 20; 2-40; 3,3' - 50; 4-60; 5 — 70; 6,6" — 20% extended. 

6,6' — 80% extended. 


perimental material or reliable information 
on the value of the activation energy of the 
movement of the dislocations or on the depen- 
dence of their mobility upon temperature, 


Translated by J.J. Cornish 
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. G. Loschner, Technik, 11, 289 (1956) 4,4' — Fe-4% Ni) before and after annealing. 
. V.S. Postnikov, Usp. fiz. nauk, 66, 43 (1958). Vibrational frequency ~0.6 periods/sec. 


Extension, % 


136 
PTT TTT TT 
2400 2400 
VOL 
195 
! ! | | / | 
2600 
2200 
20001 | | A | 
| | | iz 
4 
5 
6 


THE INFLUENCE OF BORON ON THE RECRYSTALLIZATION 
OF SILICON IRON* 
V.Ye. NEIMARK and V.M. ROZENBYERG 
(Received 16 October 1958) 


We have studied the influence of boron on 
the kinetics of recrystallization in an iron- 
silicon alloy containing 3% Si, 0.03% C, 

0.2% Mn, 0.01% PP. A study was made of the 
alloy without boron, and also containing 
0.003%, 0.005% and 0.01% EK. 

The study of recrystallization after cold 
rolling to 60 per cent extension was carried 
ont by the X-ray method, The cowmencenent of 
recrystallizalion corresponded to the 
appearance of the characteristic “pin points" 
on the X-ray photograph. fiata are given in 
Fig. 1 which show the connexion between tem- 
perature and time, both of which are neces- 
sary for the commencement of recrystalliza- 
tion. It can be seen from the graph that 
T and 7, as is usnal in recrystal lization, 
are connected by the exponential dependence 
(RT) is the pre-exponential 
multiplier, depending upon the mechanism of 
the process; / is the gasconstant; 0? is 


the activation energy of the process). 

By using the data obtained, one can deter- 
mine the temperature of the commencement of 
recrystallization at a selected annealing time, 
the activation energy of the recrystalliza- 
tion and the value of the pre-exponential 
multiplier, The dependence of the corres- 
ponding data on the concentration of boron 
is shown in Fig, 2. 

The temperature at which recrystall ization 
begins (for holding one hour) changes in a 
complicated way, passing through the maximum 
at a boron concentration of 0.005 per cent. 
A similar character of the concentration 
depedence of the temperature of recrystalli- 
zation is well known [1]. In the present 
case, the increase in the temperature of re- 
crystallization when introducing up to 
0.005% B, because of the very small] quanti- 
ties of the latter, cannot be explained by a 
change in the forces of interatomic bonds, 


100 102 104 6 08 8 120 10? 
74109 °K 


Fig. 1. The connexion between the temperature and the time of 
commencement of recrystallization in the alloys investigated: 


1 - 0.003% B; 2 — 0.005% B; 
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3 0.01% B; 4 without boron. 
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Apparently the introduction of boron leads 
to a decrease in the value of the surface 


(°c) 


recrystal=— 


lization 


Temperature of 
commencement 


gy of 


(kcal/mole) 


Activation ener 


0006 0003000 
% by wefght B 


Fig. 2 


tension of the grains. The fall in the tem- 
perature of the commencement of recrystalli- 


zation in the alloy containing 0.01% B can be 
explained by the transition of the alloy into 
the two-phase region, which is confirmed by 
metallographic observations. The presence 
of particles of the second phase can sim- 


plify the nucleation of new grains in recry- 
stallization and lower its temperatures, 

As can be seen from Fig, 2b, the activation 
energy of the process increases continuously 
by increasing the concentration of boron. 

It is a curious fact that the value of Q 
increases when the temperature of the conr- 
mencement of recrystallization decreases for 
the alloy with 0.01% B. A similar increase 
in the activation energy of recrystalliza- 
tion, when the temperature of recrystalliza- 
tion decreases, was proved in work [2] when 
studying the influence of carbon on the re- 
crystallization of iron-nickel-manganese 
austenite. The difference in character of 
the concentration dependence of individual 
parameters of recrystallization of complex 
solid solutions, in which one of the elements 
is dissolved by a sort of implantation, 
requires special study. 


Translated by J.J. Cornish 
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CONCERNING MAGNETIC ANISOTROPY ON THE 3ASIS OF 


SPIN-ORBIT 


INTERACT ION* 


Iu. A. IZIUMOV 
A.M. Gor’ kii Urals State University 
(Received 11 November 1958) 


It is accepted that magnetic anisotropy 
in ferromagnetic crystais is the consequence 
of two effects: spin-orbit interaction, 
and the action of the crystalline field 
linking the electron orbits of the atoms 
with the crystallographic axes. Other ani- 
sotropic interactions cannot explain the 
sharp drop in the anisotropy constants with 
temperature. On the basis of these con- 
siderations Vonsovskii [1] gave a qualita- 
tive expl anation of the temperature depen- 
dence of the anisotropy constants of cobalt, 
but the quantitative theory rims up against 
great difficulties due to ignorance of the 
distribution of orbital moment throughout 
the crystal. 

However, the constancy of the g factor over 
a wide range of temperatures indicates that 
the distribution depends only slightly upon 
temperature. By using this fact we can give 
a semi-phenomenological treatment of magne- 
tic anisotropy in the sense that the exchange 
interaction between electrons is examined 
according to microscopic thecry, and the 
effect of the orbits on electron spin is re- 
placed by a certain effective orbital mag- 
netic field, which, however, changes from 
point to point in the crystal. 

In the co-ordinate system linked, with the 
axes of the lattice the kamiltonian of the 
system of N spins, which correspond to the 


lattice points, is written as: 


A 


H=H,~+ H,, 


A 


H, = —2u, 
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where S' is the spin onerator; I (f, - fo) 
is the effective exchange integral; H*% is 
the component of the orbita] magnetic field 
at voint f; uw, 18 the Bolr magneton; 
2 

For the future it is convenient to trans- 
form to the co-ordinate system whose axis 2’ 
is directed along the magnetization vector, 
so that: 


= Cans Sj ’ (2) 


where C,,, is the transformation matrix. 
Limiting oneself to the case of low tempera 
tures, in the new co-ordinate system one may 
transform from spin operators to Bose opera- 
tors by and express the Rami] tonian through 
their Fourier components by (k is the quasi- 
impulse) as: 


=V — Vito, + (3) 


ki ke k 


+ hy 
— Hj Cuze, 
fa 


% 
fa 
fa 

Regarding fi, as a perturbation, the free 
energy can be ‘caleutenad as an A, series, 
using the thermodynamic theory of perturba- 
tions [2], 
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Pim 
(4) 


(BCH, Ce MH, ) dal, 
0 


where <...++.> Signifies expectation over the 
statistical ensemble with Hamiltonian H,; 
B = (k is the Boltzmann’ s constant). 
Substituting the expression (3) in (4) and 
carrying out the calculations indicated, we 
shall find the dependence of free energy on 
the angles. 

From the requirement of symmetry for a 
uniaxial crystal the following must be true: 


F =F,+,cos%+..., (5) 


where @ is the angle between the magnetiza- 
tion vector and the crystal axis, and the 
first constant of anisotropy is called K,. 
Comparing (5) with the expression obtained 
from (4) leads to the equations: 


2 H; = 0, (6) 


Athy) Ath, ie 
(7) 


In formula (7) <nj*>is the Bose function 
of distribution for spin waves. Hf and Af 
are magnitudes analogous to Fourier compon- 
ents for the orbital magnetic field of the 
crystal. 

In this way, constants of anisotropy are 
expressed by magnitudes which are determined 
by the distribution of orbital moments in 


the crystal, In spite of the fact that the 
overall orbital effective field in a crystal 
is on the average equal to zero (expression 
(6) ), the fluctuations of this field at 
individual points in the crystal lead to 
anisotropy. 

To obtain the temperature dependence of 
K, it is necessary to know the function 
AG). It is not possible to find it within 
the framework of the present theory; at 
present the theoretical determination of the 
distribution of orbital moment offers a very 
difficult problem. Some general ideas about 
this can be obtained from an analysis of the 
crystalline and magnetic symmetry group of 
a crystal. 

Apart from this, some data can be obtained 
from a comparison of the experimental tem- 
perature curve of K, with the theoretical 
expression (7). In particular if it is 
admitted that K 1 decreases with temperature 


according to the law ~ 73/2 (to which a 
phenomenological calculation often leads), 


then must accept A, ~ +... These 


questions will] be discussed in another paper. 

I wish to express deep gratitude to BE. A, 
Turov for his valuable advice in the com- 
pilation of this paper, and to Corresponding 
Member of the Academy of Science of the 
U.S.S.R., SV. Vonsovskii for discussing the 
results. 

Translated by J.J. Cornish 
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PHASE ANALYSIS BY THE SUPERPOSITION METHOD 
USING ELECTRON DIFFRACT!ON* 
L.S. PALATNIK and B.T. BOIKO 


A.M. Gor’ kii Khar’ kov State University and 
V.I.Lenin Polytechnic Institute 


(Received 25 January 1959) 


The absence of a method of quantitive phase 
analysis using electron diffraction restricts 
the possibility of studying in detail pro- 
cesses which are taking place in thin films 
and surface layers of metals and alloys. 

The peculiarities of analysis by the electron 
diffusion method prevent the use of the 
techniques of such well known methods of 
X-ray phase analysis as the mixing method, 
the independent standard method and their 
various modifications. 

In the present work a method is suggested 
for quantitive phase analysis by electron 
diffraction which is a further development 


Superposed electron 
diffraction photograph 
Deflecting 


Specimens 
Source of 


To the pulse 
generator 


Fig. 1 Diagram for taking electron diffraction 
superposed photographs 


of the superposition method in roentgeno- 


graphy [1]. However in contrast to the 
X-ray method of superposition in which an 
alternate exposure of movable free struc- 
tural components (of standard specimens) is 
achieved on one and the same X-ray photo- 
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graph by means of a fixed X-ray beam, in the 
electron diffraction method of superposition 
the primary electron beam us displaced while 
the specimens to be exposed remain fixed. 

In this way an oscillating beam creates two 
displaced diffraction pictures on one and 
the same photographic plate. Alternate 
displacement of the primary electron beam 

is achieved by supplying rectangular poten- 
tial pulses from a pulse generator onto 
deflecting plates positioned between the 
diaphragm and the object in the electron 
diffraction camera (Fig, 1). 

In the present work an electron diffrac- 
tion camera designed by Pines and Bublik was 
used [2]. 

The extent of the displacement of the 
primary electron beam on the object and con- 
sequently on the diffraction picture as well 
can be changed at will by changing the 
pulse height. By changing the duration of 
the pulse or the frequency at which it is 
supp] ied, it is possible to obtain a super- 
posed diffraction picture, which is dis- 
placed in relation to the basic diffraction 
picture, with the required ratio between the 
intensities of the diffraction maxima being 
compared, The use of electromagnetic pulses 
ensures the complete- inertness of the 
electron beam displacement. At a given 
ratio of exposure times (?v, and T,) the 
other photographic conditions with basic and 
deflected beams (the stability of the 
accelerating voltage, and consequently the 
wavelength A and the action of the electron 
beams on the photographic plates) will be 
the same, thanks to the sufficiently high 
frequency of the pulse supply; v = 10 kc/s. 
At an exposure time of 1-2 sec such a fre- 
quency gives 10,000 — 2,000 displacements 
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Fig. 2 a — superposed electron diffraction picture for 


Al + Bi at T,= To; 


tion picture for Bi + Bi at T, = 


b -— superposed electron diffrac- 


To: c — superposed 


electron diffraction picture for Al + Al at T 1* Fo 


of the primary electron beam. 

The technique being described permits a 
superposed diffraction picture to be ob- 
tained either from two different films or 
from one film The electron diffraction 
pictures given in Fig.2 can serve as an 
example of superposed diffraction pictures 
such as this. 

The suggested method of electron diffrac- 
tion phase analysis can be used in two ways. 

By the first way, auxiliary superposed 
calibration pictures of a two-phase system 
are obtained first (cf. Fig.,2a). Reflec- 
tions from two free structural components 
of the alloy being studied are alternately 
exposed on these diffraction pictured within 
a sufficiently small time interval. The 
optimum amount of displacement is selected 
in such a way that the lines of diffraction 
being compared do not coincide on the super- 
posed diffraction pictures. For each two- 
phase system to be studied, one can take 
beforehand a series of superposed calibration 
diffraction pictures, differing from one 
another by a gradual change in the relation 
of the intensities of the lines being com- 
pared, which is accomplished by varying the 
exposure times Ty and T,- By a contrast 
of the intensities of the lines on the 
superposed calibration diffraction picture 
and on the diffraction picture of the 
heterogeneous alloy (two-phase mixture), the 
ratio of phase concentrations in the alloy 
by volume is determined: 

The method of obtaining a superposed 
electron diffraction picture from two films 
can be used for other purposes as well. 

By obtaining two displaced diffraction 


pictures of one and the same metal from two 
films, one can study the influence exerted 
by the conditions under which the film was 
prepared, its thickness and so on, upon the 
expansion and intensity of the lines of 
diffraction. In this case one can contrast 
one and the same line on the basic and the 
displaced diffraction pattern of a super- 
posed electron diffraction photograph 
obtained from two different specimens. One 
of these specimens can be a film of metal 
obtained under certain standard conditions, 
and the other, a film of the same metal 
obtained by varying the conditions of evap- 
oration, condensation, heat treatment and so 
forth. When re the conditions of 
taking electron diffraction photographs of 
these two films will be identical. 

By the second way of using the suggested 
method, the quantity of one or another phase 
in a heterogeneous alloy (mixture) is deter- 
mined by the threshold of response of the 
corresponding diffraction lines, in the same 
way as it is done in X-ray spectral analysis. 
The threshold of response of the diffraction 
lines is determined under selected photo- 
graphing conditions by electron diffraction 
photography using the method of superposing 
two neighbouring.portions of a specimen 
which contains only one (free) structural 
constituent of the alloy cf. Fig. 2(b-c)). 
The quantity of a given phase in a hetero- 
geneous alloy is determined automatically 
when any one diffraction line, whose thes- 
hold of response is known, is situated at 
the limit of visual] range. If, under 
selected photographing conditions, the dif- 
fraction lines of the heterogeneous alloy 
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being investigated are intense enough, the 
displaced superposed diffraction picture 
weakens to the point where the intensity of 
any diffraction line reaches the threshold 
of response. The phase concentration can 
be found in this case from the ratio y = na 
(y is the concentration; n is the multipli- 
city factor of the weakening of the displ aced 
diffraction picture; a is the predetermined 
threshold of response of the diffraction line 
in percentage by volume, 

The second way of using the suggested 
method can be employed with particul ar 


effectiveness when studying oxidation, 
chemical] and heat treatment of single-consti- 
tuent films of metal and so on. 


Translated by J.J. Cornish 
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ORDERING IN TERNARY ALLOYS* 
0. MDIVANI and T. GACHECHILADZE 


Tbilsk State University, Institute of Electronics, 
Automation and Telemechanics Akad. nauk Gruz. S.S.S.R. 


(Received 6 May 1958) 


In the present work, an attempt has been made to extend formally the long-range order 
theory of binary alloys to the case of ternary alloys. It has not been possible to extend the 
long-range theory of Bragg and Williams directly to the problem of evaluating the Curie point, 
of ternary alloys, owing to mathematical difficulties. In order to describe the equilibrium 
properties of a ternary alloy it is necessary to introduce four order parameters [2, 3] the 
calculation of the free energy is then carried out in the norma] manner, The conditions for 
equilibrium lead to a system of four transcendental equations relating the parameters of 
long-range order, 

In the case of the binary alloys, the Curie point is obtained from the equation: 


Vos 


s=th 
QkT 


In the case of ternary alloys, it was not possible to calculate the Curie point from the 
analysis of the system of transcendental equations, equivalent to the above equation, owing 


to the awkwardness of the expressions. It is therefore impossible to derive a closed 
expression by these means, It will be shown later that, near the Curie point, it is possible 
to establish certain relations (starting from general considerations) between the four 
parameters of long-range order, These will enable us to obtain an approximate expression for 


the Curie point. 


DEFINITION OF THE PARAMETERS OF THE SHORT-RANGE. 
PASSAGE TO THE LIMIT 


We will consider a ternary alloy containing atoms of type A, B and C, and we let the 
corresponding concentrations be ny» My and n_, respectively. Let us choose some site as a 
centre and consider another point whose co-ordinates with reference to the centre are (l, an, 
n). We can then introduce the following parameters of short-range order, after the manner of 
Cowley [4]: 

(a) If atom A is in the centre: 

2 3(1 
lmn Ns “linn Ns 


(b) If atom B is in the centre: 
1(2) p32) 


af (2. a3(2) = | 
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(c) If atom C is in the centre: 


Pisa 
, a2(3) == | — (1c) 


gil?) <= 
Imn Rs 


ny 
where P!) is the probability that if an atom j is at the centre then at the site (l,m,n) we 
find atom i (i, j=A, B, C=1, 2, 3). 

It is easy to see that: 


21) — 1(2 143) 3(2) 2(3) 
mP i, ny P NsP inn NgP inn 


Moreover: 


1(2) 3(2) 


3(3) — ae 1(3) 2(3) 


Finn? Ginn’? "ima (4) 


Since an atom at the position (1, a, n) belongs to a given, say ith, shell (i=1,2,...) 
and since there is no significance to co-ordinates of a site but only in its distance from the 
centre, we will write the index i in place of the indices (l,a,n). 

It is said that there is a long-range order in the alloy if the a, parameters tend to 


finite values when i becomes very large [4]. Our ultimate problem will be to find the 


limiting values of the short-range order, 
To illustrate the procedure of passing to the limit, let us consider the structure 
(a°8Y). In this case we have, in all, four sublattices: two for a@-sites and one each for 


the B - and y-sites, 
We will define the long range order parameters in the following form: 


2 | — Me — (5) 


| 
l—n, 4 


S= 
4 l—ny, 4 


S is a sort of mean value of the order parameters of the respective sublattices, 

We have denoted the mean fractional numbers of atoms of type i on the kth sublattice by 
l. ,: These nine quantities are connected by five linear relations, Hence it is clear that, 
by choosing as independent any four l, , it will be possible to express the remaining 
quantities in terms of these four, However, as shown in reference [2], this choice is not 
arbitrary: we cannot choose as independent variables any four non-diagonal 1,, at the same 
time. In our example we will choose as independent: kl l 7 and l, in addition to S. 


Hence for the stoichiometric relationship: oats , 
(4 + 33 — — + 2/o3), ler = (3 — 3s + ly, — 
= — (1 + Blas). = (6—Gs + — Mp). 


(6 — 6s — — 101,, + 


= 
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We note, during the examination of the limiting values, that the main a posteriori 
probablities will depend only on the average state of order in the crystal. This occurs on 
the average state of order in the crystal. This occurs when the ith site is very distant 
from the centre (f— oo), and therefore we can neglect the influence of the centre, 

The passage to the limit is accomplished as follows: 

(1) If an @-site is central, then 


) 
a = = 


The limiting values are actually such that in an even shell about an a-site, all] sites will 
also be a-sites, Therefore the limiting value of the probability p ,2(1) gives the probabi- 
lity that an atom B falls on a-site expressed in terms of the long-range order parameters, 
In a similar way we obtain the probability P,>(1) | 

(2) If a B-site is central, then: 


even No On, (to + even= 


+ los): 
ns 


an even shell contains both B- and y-sites, 
will be equal to the sum of the probabilities of finding an atom B on a B-and on a Y-site of 
the ith shell, expressed in terms of the long-range order parameters. This sum must be 
divided by two since the numers of B- and Y-sites are equal. This is the result of the fact 
that p?() is the probability of an atom B falling in the ith shell, regardless of the type 
of site. In a similar way, we obtain the limiting value for afi). 

(3) On the basis of the first two sub-cases, we conclude that if a Y-site is central: 


‘ ! 
Ons (loa + fag), 220) —> 1— + (9) 


Examination of these three sub-cases allows us to write finally: 


ieven 
+ (lig + fis) 


3(1) 2 3 4 2ns 
a . 
teven ] 

hit (hia + ths) 


II. Similarly, on examining the case when atom B is in the centre, we obtain: 


1 1 
(1— + ha) [1 — (ha + 


leven ] 


3 
(8) 
ails Here the reasoning is the same as in the first case, but inasmuch as a B-site is now central, 
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] 
— Igy (: + + —— + (11) 
2 Ms . 
= lei + (log + les) 


III. Finally, on considering atom C in the centre, we obtain: 


] 


(12) 
+ 1, + 1 | 
| 
Substituting relations (6) in equations (10), (11) and (12), we obtain: 
] 
] 
a) = — 4l3,a — 2ce), (13) 


a2(3) (7—8],.b — 2de). 


ieven “ieven 


By quite similar reasoning we obtain: 


(49 — 2ad — 4bc), 


a! (3) (7 — 2ae — 4l;,¢), 


"odd 
(14) 
(7 — — 2de), 


where: 


b => 4- lie — 5ls, — Qos, 

c=3— 3s + Lia + — Qlss, (15) 
d= 6s — 210 + 10/3, +} 4los, 
e= ] — 


It is easy to verify that these limiting values are the averages over the corresponding 


sublattices, 
Further, it is convenient to introduce the following symbols: 
] 


] 1 
to - (16) 


It is clear that, as the system tends toward complete disorder: 
€1, &2, > 0. 


In terms of these new symbols, formulae (13) and (14) reduce to: 


4 
deven 
VOL 
8 

a= 4 3s + 21s; 
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8 ‘ 
a} (2) — — 10e2 + 4e2 — 6se, + 


leven 
+ 98 eq + 128 — 38,23 — + 62989), (17) 
8 
odd = — (265+ 3S — 28923), 
16 


THEORY OF SHORT-RANGE ORDER. RELATIONS BETWEEN THE LONG-RANGE ORDER 
PARAMETERS NEAR THE QURIE POINT 


If correlations exist in the alloy, then we can calculate the change in the free energy 
caused by fixing any one atom in the centre: 


F —F,=(U—U,)—T(S—S,), 


where (U - Uo) is the change in the configurational energy and (S - S,) is the corresponding 
change in entropy. The configurational energy consists of the energy of interaction between 


pairs. We have, in all, the following energies of interaction: vi}. and 
V?3, where I denotes a given site in the ith shell, and J - one in the jth shell. We can 
calculate the change in the configurational energy caused by fixing an atom of type A, B or C 
in the centre by summation, over al] the possible pairs, of the expression for the mean 
change in energy of a single pair. This process is carried out as follows: firstly, deter- 
mine all the possible configurations and the corresponding mean values of the energy for an 
(IJ) pair. We also carry out analogous calculations for the atoms of type B and C, Finally, 
taking into consideration the a priori probabilities of atoms A, B or C being in the centre, 
we obtain the final formula for the change in energy: 


+ (21 — Mg) aX!) 4 My (a2(1) — @3(2) — (18) 
— 32) a 261) $ 9312) V2, + ants [2 (1 — my) 4 


+ VI) 


where the summation extends over all the atoms of the lattice, that is, over all the possible 
values of the co-ordinates (l,m,n) and (1%, nm’, n’%), denoted as summation over IJ and J. The 
change in entropy, caused by fixing the position of an atom A, B, or C, is: 


S—S,=klog—, 


where » is the number of permutations of atoms for which the order parameters a; have given 


values; w, is a constant, 
Let atom A be in the centre. If there are ¢; atoms in the ith shel] around it then, out 


of these, Cy (My + are of type A, (1 —a?\!)) are of type B and 
(Mg (1 —a3t)) are of type C, Such a distribution can be achieved in: 


Wa, i = (C,)! + - 


[ 
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In a similar way we obtain "Boi and "Cc, i 


In the expression for entropy, it is convenient to substitute the summation over I for 
the summation over i. After this substitution, the entropy is written as: 


(ny + + nga?) log + + + 
+ nyng (1 — log ng (1 — 03) + (1 — log ny (1 — + 
+ Matty (1 — log (1 + (1 — my (1 + 
+ (1 —a¥?)) log —a%?)) + ng (ng + 
+ nz log (ng + + 
Equilibrium values of the a@-parameters are determined by conditions for minimum free 
energy: 


In the expression (20) we use Cowley’s approximation [4]: we shall consider al] the para- 
meters @ j to be independent of each other. As a result, we obtain an infinite system of 
transcendental equations determining the equilibrium values of the a-parameters: 


(20) 


—kT log. ne 


= ng + Vi, + 


3 


— kT log a 


(1— ap)? 
= 2 (1 — mg) (20) V2, + 
+ a2) (VI, — V3 )}, 
(1 —a3(2))2 
{(2(1 —n,) a2) +n, (021) 4 a3(1))] 


where the yuantities Vj, (y= 1, 2, 3), involved in formula (18), (21), (22) and (23) are: 


| 


3 


It is easy to see that the limiting form of equations (21), (22) and (23) can be written 


6 
VOL 
8 
195 
(21) 
(22) 
(23) 
(ap 
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1 3(2) 


— kT log 


(1 — (25) 
even 


| 
ee (62501) + + 280) Vit > — (Va — Va) +-. 


| 2(1 I 3 3 


2(1)\2 
(1+ 


143 
+ + Vat — (a2!) — —Va) +... (26) 


2(1) 3(2 3(1) 3( 2 
log (1 + + (1 + 22 even 


l 3 
+ Va + — (Vi— Va) +--+}. (27) 


In these equations we have, for simplicity, put: 7 => y= y= 


(e = 1, 2, 3). Theterms that have not been writtenout included those V, , for whichJ =1+2, I+3, .... 
that is, the interactions with second, third, etc. neighbours. The a@-parameters in these 
expressions, are, furthermore, functions of the long-range order.* 

Separating these equations according to the degrees of the long-range order, and restric- 
ting ourselves to the first non-zero terms, we obtain the following equations which are true 
in the vicinity of the Curie point: 


— Fay, (954 + — + 4e?— Gse, + +128, — 3eye, — + 


ayy (—2e2 + + + 
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+- e? — 10e2 + 4e2— 6s + 956, + 12825 — 


8 
— 3e,2¢. —- 4e,€, + 6e,e5,) + 7 + 3s 6, —e,e. + (28) 


+ 2€9€3) + (lag (— 525 — 38 + -= 0, 


(9s?--e2 — 10e2 + 422 — 652, + 125 6,— 


+. Bo€3) 5e? — 3s e, + — 2€,€,) = 0, 


where a,,=9 ayg=1—3x,—3xQ +3, 
(1 --2x), Xz, 
(2—Xy), 3%, -- Xs, 


“eFor a similar process of passage to the limit for binary alloys, see cowley, [4]. 


as: 
Vp=Ve 
8 
= — = 0 
(29) 
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(29) 
contd. 
We can eliminate the temperature from the system of equations (28). We then obtain two 
relations between the four parameters of the long-range order, This means that we can, for 
example, express €, and e, as functions of s and €,. It is easy to prove that in the 
approximations which we restricted ourselves in (28), (that is, to the accuracy of terms of 
the third order with respect to the long-range order parameters) we obtain the following 
relations: 
&,=3s-+2e, 


Applying relations (30) to the quantities l=,» we obtain: 


ha=— ly, = 


l 


ls, = 


! 


CALCULATION OF THE CURIE POINT 


It is easy to see, that from the long range order theory [2], that by restricting 
ourselves to the interactions between the nearest neighbours we obtain the following relations 
for the configurational energy of the alloy. 


3 l 
(32) 
i k, m=| 


Here: Zin is wen number of nearest neighbours, of type m, around an atom of type k; EF, is a 
constant; vil is the energy of interaction between the atoms i and l, 
Substituting formula (31) in (32), we obtain: 


1S? +B, ses 


}= 
B, = 6 V8 4 (Vs—V,—3 V9), 
B, = —4V4—V®_y33 4 4y 24 


To calculate the configurational entropy, we avail ourselves of a formula derived in [2]. 
The configurational] free energy then takes the form 


3 


i, 


The equilibrium values of S and € 5 are obtained from the equations: 


8 
(31) 
8 
19! 
(33) 
5) 
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log 1-+185 + 6V.s+(V5 3V 2) 


kT 1—6s—8 (36 


From the first equation of the system (36) we find €; approximately a function of s (as 
before, with a limitation to terms of third order): 


9 


— 


(Vs—V,—3V 2) 
Then the second equation of this system gives: 


x 


2] 4 


(Vs—Vi—3V_) +2" 


9 


(Vs — Vi-—3Vq) +2 


— (Vs — 3V,—V3) 


Hence, by the usual method [1], which in our case leads to a quadratic equation, we find 


the Curie point. 
One of the roots* 


T= 14 V (Vi+V5+ V3) —2 (ViV2+ViV3'+ V2V5) (39) 
4k (2V1+2Va+V,)* 


is greater than zero for positive Vo Vo, and V_, therefore it is taken as the Curie point. 
The second root must be discarded, because it is positive only for a limited region of values 
of V,, V, and V. On the other hand, the long-range order theory should not impose any 


limitations on the values of Vie and 


Translated by Z. Kowszun 
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THE IMPORTANCE OF INDIRECT INTERACTION IN 
THE THEORY OF MAGNETIZATION OF TRANSITION 
METALS AND RARE EARTHS" 


A. A. BERDYSHEV and B.V. KARPENKO 
“A.M. Gor’ kiy” Uralsk State University 
(Received 6 August 1958) 


1, FERROMAGNETI 


The second approximation of the perturbation theory in the s-d exchange 
model of transition metals leads to the appearance of indirect interac- 
tion between the d-electrons. In calculating these interactions, the 
existence of ferromagnetism becomes possible when the direct bond is 
absent, i.e. when the d-d exchange integral is negative. The influence 
of indirect interaction on spontaneous magnetization is discussed. 


The ferro- and antiferromagnetism of transition metals is usually explained by the change in 
interaction between electrons of the inner atomic d-shells. If the exchange integral for 
the interaction between near neighbours is positive, then the metal is found to be antiferro- 
magnetic, This treatment of magnetic properties meets with a series of difficulties. 
Without considering all the problems relevant here (see [1]), we will mention only two cases, 
Firstly, a large proportion of the experimental data cannot be explained by means of the 
Bethe-S] ater curve of the exchange integral for the transition metals [1], as the majority 
of theoretical estimates of the exchange integral leads to its negative sign [2]. Secondly, 
it has been shown previously [3] that dilute alloys of manganese in noble metals are ferro- 
or antiferromagnetic. In these alloys, atoms of the transition metal are dispersed at such 
large distances from each other that a direct exchange bond between them is completely 
absent. Similarly the ferro- or antiferromagnetism of rare-earth metals cannot be exp] ained 
by an extraordinarily weak direct bond between magnetically active electrons. All this led 
us to seek other possible mechanisms of the exchange bond, One such mechanism is the in- 
direct exchange interaction proposed by Zener [1]. In the present work the influence of in- 
direct interaction on the problem of ferromagnetism is examined. 


1, The calculation will be carried out within the limits of the s-d- exchange model for 
transition metals, [4, 5). The Hamiltonian of a ferromagnet, describing the interaction of 
conductivity electrons with spin-orbitals, has the form [4]: 


H=H,+,+A,, 
E,ata, + E,a}(—) a,(—) +> 
(k,, Ak, (—) (Rg +2) + remaining teras., 
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v 


H,=— >> I (k, k) ay (—) (—) + (k, hs) (—) Ar, (—) — 


Here, E, = Ak? is the translational energy of the conductivity électrons; A, is the transfer 
integral; ¢€, = Jg*, is the energy of spin-orbital; & and g, quantum numbers of electron 
and spin-orbifal (in the case of a stationary lattice); J, is the d-d exchange integral; 

I(k Rk»), the s-d interaction integral; a, and a,(-) are Fermi operators for the second 
quantization of the conductivity electrons, with orbital quantum number k, and projected 
spins of + and -4, respectively; 6., is Bose’s operator; WN, is the number of points in the 
lattice. In the preceding work on the s-d exchange model [4, 5], in the energy spectrum of 
the examined system of s-d electrons, only cases where H, and H, are additive have been con- 
sidered. This corresponds to a decrease, to the first approximation in the energy correction 
of the perturbation theory, The importance of “triplet” terms in the energy spectrum was 
not apparent and only some distinct kinetic processes have been studied with their help. The 
purpose of the present work is to explain the influence of these terms on the energy spectrum 
of a system and on its magnetization. We shal] examine the operator H, in the role of a non- 
perturbing operator. The oblique part of the full energy operator [1] gives the energy of 
the system with a correction, to the first approximation, from the perturbation theory. 

The correction, to the second approximation, in the term H, is calculated by the usual method; 


2 
| (Hi) 
Ex, — 
and it is equal to: 


where N, and N, are the quantum numbers of the conductivity electrons; ne is the quantum 
number of the spin-orbital. The same expression can be obtained by the method of canonic 
transformation [6]: H->e'"He'®. Expanding exp+i@® into a series, we find: 


H=H,+H, 4 H,—i [®, H,|—i [®, H,]—i [®, H,] -> [®, [®, 


We have the function @® in the form of Ay with undetermined coefficients, These are obtained 
from the conditions: H,—i ; [® Ho]=0. 


H=H,+H,—— 


The above are terms of this sum and lead to (3). 
In the following work we wil] examine the indirect interaction energy of the conductivity 


electrons with each other, as described by the terms in equation (3), when these contain the 
product of the quantum numbers, Nj Ny It is not necessary to neglect these terms, but their 
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inclusion complicates the calculations and does not change the quantitative conclusions of our 


work, 
Thus the total energy of the system of electrons in the external magnetic field, with the 


first and second order approximation, is equal to: 


(4) 
8)» H) (Es —p (Ex +p) Ne—N gop H, 


/ 


Here g, is Lande’s factor; is Bohr’s magneton; /,=/ k). 

The expression for energy (4) appears typical of all problems which are connected with 
the study of interaction of particles of fields of two types. This expression is characteris- 
tic, since in it are terms containing the action of quantum numbers of one type on the other. 
Calculation of these terms by means of statistical estimations of the physical characteristics 
of the system, involves approximations, since, on introducing the quantum number of one type 
into an appropriate distribution function, we find that the second quantum number enters the 
result of the first operation non-linearly. Thus, in order to introduce the remaining 
parameters, it is necessary to linearise, we will indicate below one method of approximate 
statistical calculation of the magnetization of the system, involving the use of the energy 
spectrum, (4). 

The exact dependence of the s-d exchange integral I(k,, k,) on k, and k, is not known, 
According to the work of Bonsovski and Trubov [4]: 

I (Ry, ko) =, + 
where: J, and I, are the s-d exchange integrals within the atom, and with the neighbouring 
atoms, respectively. On the other hand, proofs have been expressed in cértain works [7] to 
the effect that, with small spin numbers, this integral] depends only slightly on the spin 
number, Therefore, near the boundary of the Brilliun zone, it Sharply drops to zero, In the 


present work, we will confine ourselves to the approximation /(k,, k2)=/o=const, this has also 
been done in other works [7]. In order to shorten the amount of working, we will introduce 


the expressions: 


Eng n,+esa, Ex = E, — Exg (5) 
& 


2. In order to find the degree of magnetization we will calculate the statistical sum: 
Z=exp 
(EF —pH) Ny +3 (Ex +p H) 
When summing the quantum numbers of electrons, it is necessary to examine the constancy of the 


full number of conductivity electrons. To this end we will introduce, under the summation 
sign, the Kroneker’ s symbol, 65, expressed in the form: 
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+! N_ —N).0— NL —N) ag. 
Then the summation that we are interested in can be obtained directly, and we have: 


N H ! ‘ 
Z=exp (Cet mg (id gexp N + 
0 


+— l-Lexp Yin jit exp (6) 


We will now make one further approximation, by expanding the logarithmic function inside the 
integration sign into a series and limiting ourselves to its linear terms only, For the 


electrons with "+" spin orientation: 
q \ 


E aa H 


We also have a similar expression for electrons with »-" spin orientation, We substitute these 
expressions in (6) and change the order of integration and summation. Then, a summation for 


all n gives: 


=In [!+ exp (ie— 


Qn 

NgepH |} 

exp \4 expN lw. (9) + (9) + 7) 
0 


where: 


w,(9) {In + exp in| + exp(ig — 


E,— 
19 

kT 

l 
w= — exp — + gow Ht 
l | Eng 


The integral in (7) is calculated by the “crossing” method, see [8], and it gives: 


where ®, is the root of the equation: 
w;( Po) + WA Po) + (Po) =0 


or the relation: ip, =(/AT, in the equation: 
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H) 
— OfF(E,— 
Eve ve Ex 


The last equation defines the chemical potential of the conductivity electrons; it can be 
seen from it that, as a result of the interaction between the conductivity electrons and the 
spin orbitals, the chemical potential is defined in a more complicated form than in the case 
of free electrons, We will consider this problem later, 

The statistical sum breaks down into a sum of three terms: 


k7 
(1 + exp — 


NkT 


2Aygcosv—CA+J)g*  2Akgcosv+(A—Jigt] 


2 
A H) f — vA) 
2 


N% 


In these expressions f(£) is Fermi’s distribution function; AN(E,) is Base’s distribution 
function, E,=ee+2opH +A,+A, is the energy of the spin orbital, modified by the s-d 
exchange interaction, 4, is a correction to the first approximation, A, is to the second. 
The free energy of the system is: 
=—kT InZ=F. sth . 
+ exp — in (1 + exp — 
s+u 
kT 


f (Ep —p H)- 


+kT Sn (1 —exp—E,/k7). 
3. The magnetic moment of the system of electrons is equal to the sum of three terms: 
M=—0F/dH = M,4+M,g+My 
We will examine these terms separately. Spontaneous magnetization of the d-electrons is equal 


to: 


! 


A,=A,+A! pH, As=AS+A! 
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For smal] values of wave numbers g (low temperature) we have, limiting ourselves to the square 
terms in g: 


(A*+3J2) 


Ai=— 


then: 


Eg H, (10) 
where the effective ‘‘d-d exchange integral” J,;, is defined by the relation: 


15 (A*+ / 


From equations (10) and (11) it can be seen that, in our approximation, the inclusion of the 
s-d exchange interaction leads to the fact that the energy of the spin orbital has changed in 
its essential form when compared with the exchange model. Firstly, the energy correction, to 
the second approximation, has led to the substitution of an effective integral instead of the 
integral for the d-d exchange bond. The magnitude of this effective integral depends on the 
Fermi energy and a transfer integral for the conductivity electrons, Secondly, the effective 
exchange integral depends only to a small extent on temperature, This appears to be the con- 
sequence of using a temperature dependent distribution function for the conductivity electrons, 
Finally, the energy correction, to the second approximation, completely cancels the effect of 
the energy correction to the first approximation, so that the ‘“‘zero” energy, Ap, of the spin 
orbitals, whose influence on magnetization has been studied previously [4,5], disappears 
completely, 

Neglecting now the smal] ccrrection Ai < lin the spontaneous magnetization of d-elec- 
trons, we obtain the well known law 73/2, 


M; 1—0,1174 2k (12) 


In the preceding work [4,5], in which the influence of the s-d exchange interaction on the 
magnetization of the d-electrons was studied, it was shown that the correction, A,, to the 
energy E_, which appears to be a correction to the first approximation, leads either to an 
exponential dependence of M, on T at large values of A,, or to small deviations from the 19/? 
law at small] values of Ao Our results in (10) and (12) show that this correction is fully 
compensated by the correction to the second approximation, and therefore the s-d exchange 
interaction does not lead to any deviation from the 7/2 law. This is in contrast to the 
conclusions obtained in the work [44,5]. As a result of the energy correction to the second 
approximation, we use the effective ‘‘exchange” integral (11) instead of the direct bond 
integral Jy). This effective integral consists of two parts: the direct bond integral, and 
the “integral” of indirect interaction y{*), The latter is Always positive, and therefore it 
is not required that Jad should be always positive for the existence of ferromagnetism. 
Ferromagnetism can also exist when J,,= 0 (rare earths and dilute alloys of manganese [7]), 
and also when the exchange integral is negative. The condition for ferromagnetism now is the 
more general relation: 

The last two terms in the expression for the magnetic moment of a system of electrons, 
hitherto left unexamined, are easily calculated and assume the form 


Mt (a) as ral 


= 
8 
L959 
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The first and third terms of this equation express the ‘‘ submagnetism’ of the conductivity 
electrons in terms of the ‘‘field” of inner electrons, and gives the spontaneous magnetic 
moment of the conductivity electrons. Its magnitude is determined by the magnitude and sign 
of the s-d exchange integral, I °° The second term gives the norma] Pauli paramagnetism of the 
conductivity electrons, 

In conclusion, we observe that the effective exchange integral (11), as a result of our 
approximations, is found to depend on temperature, and that with an increase in temperature 
its magnitude decreases, However, in order to explain the transition of ferromagnetism into 
antiferromagnetism, observed in the rare earths and dilute alloys of manganese, this depen- 
dence on temperature must be quite small. Moreover, all the methods of derivation are based 
on the assumption that the magnetization of a system deviates little from the maximum, and 
therefore we cannot make any conclusions applicable at high temperatures, In the high 
temperature region it is necessary to apply other methods, for example the method of the 


energetic centre of mass, 


Translated by Z, Kowszun 
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A calculation has been made of the free energy F of a binary solid solu- 
tion with interatomic bonds of two types, for example, localized bonds, 
covalent with the participation of d-electrons (strong bonds) and un- 
saturated (weak) bonds. The equilibrium numbers of strongly and weakly 
bonded pairs of neighbouring atoms of different sorts have been found 
for a given temperature from the condition of minimum F. Given the 
known relationships between the energies of strong and weak bonds, the 
numbers of pairs of different types depend on temperature non- monotoni- 
cally. It is suggested that this effect (together with the change of 
concentration of current carriers) may cause the anomalous temperature 
variation of electrical resistivity in some alloys of transition metals, 


1. The concept of the energy of a crystal in to the sum of the energies V‘*), appertaining 
XY 


the form of the sum of the energies of pair to one pair of atoms of a given sort XY in a 
interactions of atoms is widely used in the complex of type a. The complexes differ in 
theory of binary alloys. In this it is the composition and disposition of the atoms 
assumed that the energy of interaction of a in the first co-ordination sphere of the cen- 
given pair is determined only by the sort of tral atom, The energy Vt} depends on the 
atoms composing it, At the same time, this type of complex, inasmuch as combined elec- 
energy depends, generally speaking, on the tron orbits of different types are formed [1) 
nature and disposition of all the atoms depending on the way in which the central 
surrounding the given pair XY. Even if we atom is surrounded, If the energy levels of 
limit ourselves by considering the interaction the atoms composing the complex are near 

of the pair XY with their nearest neighbours (almost degenerate), the formation of 

only, the energy of the pair Vyy May assume a resonant orbits is possible, This case is 
number of values Vi), where i denotes the realized in pure metals, If the levels are 
number of configurations surrounding the pair distant, then resonance is less probable, but 
XY. It is possible to attempt to allow for localized, covalent bonds may be formed under 
this circumstance by regarding crystal] energy, known conditions. If the atoms of the com 
not as the sum of all the possible combina- plex do not have sufficient electrons to 
tions of X, Y, i, but as the sum of the ensure the saturation of all localized 
energies of the complexes formed by each atom covalent bonds, some of them will remain 
with its nearest neighbours**, the energy of unsaturated, ***It may be expected that this 


each complex in its turn being taken as equal 


*** We do not dwell here on the clarification of 
- the conditions under which the coexistence of 
* Fiz. metal. netalloved. 8, No.3, 337-341, 1959. and covalent te 
more advantageous from an energy standpoint 
** Obviously, allowing for the fact that each atom than the formation of resonant, non-localized 
pair belongs to several complexes simultane- bonds. This question demands separate 
ously. investigation. 
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will lead to comparatively stable local 
distortions of the valent angles and the 
interatomic distances in the complex. The 
distances between the atoms which have 

entered into the covalent bonds will be less, 
but the energy of interaction more, than 
between neighbouring atoms of the same sort 
not bonded covalently. Thus interatomic bonds 
of two types arise, which we shall arbitrarily 
term weak and strong, denoting their energies 
by and 

In this connexion it is of interest to 
generalize the well-known system of calcula- 
ting the energy of a solid solution in the 
approximation of pair interactions for the 
cases when there are formed: (a) resonant, 
covalent bonds and (b) localized, covalent 
(strong) and unsaturated (weak) bonds. We 
shall restrict ourselves to an examinatim of 
the second of these cases, 

It is to be expected that in case (b) the 
differences of the energies VG—oe* of 
different bonds in identical complexes are 
considerably greater than the differences of 
the energies — a #2’), of 
identical bonds in different complexes, 
Therefore, in what follows the index a will 
be omitted (which it is not possible to do in 
case (a)). Thus the problem will be reduced 
to the calculation of the energy of a solid 
solution with localized interatomic bonds of 
two types, ** 

In this connexion the following two pos- 
sibilities are open: 

(1) The full number of electrons n which 
participate in the formation of strong bonds 
is given and does not depend on the form of 
the atomic neighbourhoods (AA, AB, BB), so 
that the only possibility is the redistribu- 
tion of these electrons according to pairs of 
three types. The number n may be, for example, 
the sum of all the s- and d-electrons in an 
alloy of the transition metals. If it be 
assumed that two electrons participate in the 
formation of one strong bond, then 


n 


* vi denotes the absolute value of the energy. 


** Calculation of non-localized bonds of an 
electrostatic nature in alloys was carried out 
in a paper by Lesnik [2].- 


so that in this case supplementary condition 
(1) is imposed on the numbers of strong 
bonds 

(2) The number n is not a constant, but 
depends on the numbers of pairs Qi?), in con- 
formance with (1) and is determined from this 
equation after finding the equilibrium values 
of Q{?) which in their turn are functions of 
temperature T and of the energies V}). The 
dependence of n on T may, within the frame- 
work of the usual two-zone s-d model, be 
interpreted in the following manner, During 
the redistributio of A and B atoms with 
respect to the lattice points and the corres- 


2 
ponding change of the numbers Q,, » Q), 


mixing of the levels in the d-band (and also 
in the s-band) occurs, as a result of which 
the Fermi level is displaced and redistri- 
bution of the electrons occurs according to 
the s- and d-states, In this treatment the 
d-electrons bring about strong bonds and the 
s-electrons weak bonds, As a result of the 
distinction of the A and B ions, the density 
of the s-electrons in the crystal is not 
constant and the energies Vip of the weak 
interactions brought about by them depend on 
i and j. The second case is examined in the 
present note, 

2. The free energy (allowing for the inter- 
action only of the nearest neighbouring atoms 
and not allowing for thermal vibrations) may 
be written in the form [3] 


P= — AT In 


(2) 


where, as is easily shown, the multiplier h 
does not depend on Qf), but depends only on 
the co-ordination number z and on the concen- 
tration of atoms c, = N,/N and ep = 1- cy 
(the full number of atoms in the crystal 
N=N,+ Np- For definiteness we shall take 
> Between the numbers Q;; and N; the 
following relationships exist: 


Qaa 
== QU) =(N —Qas)/2, 


For independent parameters we shall select 


and Q@). By expressing the 
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remaining parameters in terms of these, with 
the help of (3), and substituting for them in 
(2), we obtain by the usual method from the 
conditions OF/AQ\) = 0 the equilibrium values 


of the probabilities* PO = QU) Nz 
(i=A, B), 
= 


(5) 
+ 16 9] 1}/Lap(4¢—1), 


=] + exp|( Vi?) | (i=A, B), 
Lag=1 + exp[—(ViQ—V4R)/kT |, 
RTO = V0) — QV). 


Since, as a rule, it is impossible to 
determine the numbers of pairs Q{/) and Q\?) 
separately by experiment, we shall] be examin- 
ing only full numbers of pairs Q; j and the 


corresponding probabilities P,; = PA), 
i 


3. Proceeding to the investigation of the 
temperature dependence of P,p, we shall find 
the limiting values of Pap when T= 0 and 
T = oo. In the expressions 


elT=y, V2) (6) 
¢@ has the form 


g=y"t 2y—«-8(] ) (14 y? ) (7) 
From (7) and (4) it is evident that 


lim Pas= (8) 


0 (v>0) 
lim Pap={P. (v=0) (9) 
T +00 2cp (v<0). 


To clarify the change in P ap (7) at inter- 


* The radical sign is determined from the con- 
ditionthat at any temperatureT should have 
a positive value. 


mediate values of T, we shall] note that in 
the expression 


APapgde 
ar. 
the first factor is always negative, We 
shall further examine separately some possible 
cases, 

(a) Vi Here dQ/dT becomes zero 
at the points T which are the roots of the 
equation 


(1+y*) +y—*)—8 (1 = 
= ) la — 7 (1+ 


Possible types of the relation P,, (T) are 
presented on Fig. 1 as the curves 1-8. Cor- 
responding energy values are shown in Table 1. 
On curves 2, 3, 7, 8 the number of extrema 
may be more than is shown on the diagrams, 
depending on the number of roots of equation 
(11). 


(11) 


Fig. 1. Possible types of dependence of Pap on T, 


(b) Vi?)=V3, various, In this case 
curves of types 3 and 9 are possible under 
the conditions shown in Table 1. 

= VIP, < VAR Pap 
represented by a curve of type 3, on which 
there is a single extremum at the point 
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TABLE 1 


a>y,B>y 


as y=p 


+B > 27) 


2) yl2) yl2 
Vi) = VR = 

‘ 2 Q 
+ VSR 


asyz6 
(2 +B = 21) 


(Vi + 2VAB 


Vi) 


a<y,P<y 


(2 2) (2 (2) 
< VOX, Vex < 


1=8 
(2+ < 27) 


a<yB<y 


a>y7B>yY 


* Cases 6-8 differ with respect to the numbers of roots of equation (11). 


[in 


} (»<0,2 y+¥>0). (12 


In all cases Pp aS a function of concen- 
tration c, has a maximum when c,=% It is 
possible to show that, when there are extrema 
of P4p(T),T extremum does not depend on cy. 

3. By substituting the equilibrium values of 
Q\) in the expression for energy and differ- 
entiating it with respect to 7 we shall obtain 
the heat capacity C(T). Investigation of this 
expression shows that in some cases C(T) has 
an extremum, in particular, a minimum, 

As is well known [4], the probabilities P,, 
determine the magnitude of the specific 
residual electrical resistance of the alloy, 
equal to 


= C, — (13) 


Since the magnitudes c; 0 do not depend on 
T, a maximum is to be expected on the curve 
p(T) at the point where Pypg(T) has a minimum 
and vice versa, 

The anomalies found on the curves P,,(T) 
and C(T) are similar in form to anomalies on 
the curves of electrical resistance and heat 
capacity of solid solutions in which the 
K-state is formed (see, for example, [5]). 
Our calculations show that in some cases 
allowing for the redistribution of atoms 
during a temperature change is sufficient to 
explain these anomalies and there is no need 
for hypotheses concerning a change in the 
number of current carriers, However, we shall 
note that experimental data [6] on electrical 
conductivity and Hall’s coefficient show, 
apparently, that both phenomena occur during 
the formation of the K-state. 
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Attention should be drawn to the fact that, 
in agreement with the model examined by us, 
the stability region of concentration hetero- 
geneities (P,,(T) anomalies) has a boundary 
not only on the high temperature side but 
also on the low temperature side. It is also 
interesting that the theory permits the 
existence in one and the same alloy of 
several] anomalies in various temperature 
ranges, 


Translated by R.D.M. Hegarty 
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THE HALL EFFECT IN 


|RON-NICKEL ALLOYS NEAR 


THE CURIE POINT* 
N.V. BAZHANOVA 
Moscow Institute of Railway Transport Engineers 
(Received 1 November 1958) 


As is well known, the magnitude of the Hall 
effect in a ferromagnetic, as distinct from 
non- ferromagnetic metals, at least in the 
technical magnetization region, depends on 
its magnetic state, on its magnetization and 
not on the magnitude of the magnetic field. 
However, after technical magnetic saturation 
is reached, the Hall effect in a ferromagnetic 
continues to change when the external magnetic 
field is increased. By what is the Hall 
effect in a ferromagnetic determined in this 
region of magnetic fields which exceed the 
magnetic saturation field? Measurements made 
by us on iron-nickel alloys of the invar 
group [1| showed that the Hall e.m.f. in 
these alloys, after the attainment of tech- 
nical magnetic saturation, rises with in- 
crease of magnetic field and this rise is 
determined mainly by the increase in magneti- 
zation of a technically saturated ferromag- 
netic, that is, by the rise in its true mag- 
netization. 

The compositions of the iron-nickel alloys 
investigated were as follows: 30.5 per cent 
by weight Ni-69.5 per cent by weight Fe; 

32 per cent by weight Ni-68 per cent by 
weight Fe; 34.7 per cent by weight Ni-65. 3 
per cent by weight Fe; 37 per cent by weight 
Ni-63 per cent by weight Fe; 38 per cent by 
weight Ni-62 per cent by weight Fe and 40 per 
cent by weight Ni-60 per cent by weight Fe. 
The procedure for measuring the magnetization 
and Hall emf. in these alloys was described 
in reference [1]. 

Within the range of magnetic fields used in 
these experiments (from 0 to 2000 oersteds) 
the magnetic field was observed to have no 
influence on the magnitude of the Hall effect 
in the ferromagnetic, This made it possible 
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to describe the Hal] effect in ferromagnetics 
by the formula [2]: 


(1) 


where E is the magnitude of the Hall emf, 
calculated per unit of length between the 
Hall electrodes and per unit of current 
density in the specimen [3]; JI, and I, are, 
respectively, the technical and the true 
magnetization of the specimen; R, and R; are 


the Hall constants,** While the dependence of 
the Hall e.m.f. in a ferromagnetic on its 
true magnetization I, is of a strictly linear 


character, the dependence of the Hall e.m, f, 
on the magnetic field in a technically 
saturated ferromagnetic may be non-linear as 
well as linear. It will be linear if the 
susceptibility of the para-process does not 
depend on the magnetic field # and non-linear 
if the susceptibility of the para-process 
does depend on the magnetic field. Thus, 
near the Curie point [1] the following rela- 
tionship holds good between the Hall e.mf, E 
and the magnetic field H: 


H=aE + (2) 


where a and 6b are coefficients which do not 
depend on H. However, as experiment shows, 
the coefficients a and 6 are functions of 
temperature, 

If the coefficients a and 6 are determined 
experimentally for a ferromagnetic at a fixed 
temperature, it is possible to calculate the 
E(H) curve from them by using equation (2). 
Such curves were calculated for al] the iron- 
nickel alloys investigated, The curves 
calculated for a number of temperatures near 


** In the general case, a third term in this 
formula — Roll - should be borne in mind. 
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3 


500 1000 


1500 2000 H oersteds 


Fig. 1. Dependence of the Hall e.m.f. EF on the magnetic field H in 
an alloy 37 per cent by weight Ni, remainder Fe, for a number of 
temperatures near the Curie point (calculated and experimental 


curves): 
1 = 226°; 2819; 296°: 


the Curie point ( @ = 245°) are shown in 

Fig. 1 (alloy; 37 per cent by weight Ni, 
remainder Fe); the experimental values of 
the Hall e.m.f. are marked by dots, As is 
evident from the graph, the relationship 
between the Hall e.m.,f, and the magnetic 
field expressed by equation (2) accurately 
reflects the course of the Hall effect near 
the Curie point when, due to the small values 
of the anisotropic and magnetostriction 
constants, technical saturation is attained 
in weak magnetic fields. The curves presen- 
ted in Fig. 1 give the variation of the Hall 
e.m, f. in relation tq the intensity of the 
magnetic field. This variation is controlled 
by the para-process, which is essentially 
non-linear, 

It should be noted that the completely 
satisfactory results given by equation (2) 
and also the strict proportionality between 
the Hall e.m f. and the magnetization in the 
para-process region near the Curie point, 
where the magnetization does not depend 
linearly on the magnetic field, indicates 
that the Hall e.m f, changes only as a 
result of the change of true magnetization of 
the ferromagnetic in magnetic fields stronger 


4 — 240°; 5 243°; 6 245°C. 


than the magnetic saturation field, 

The Hall constant R; may be determined 
experimentally, as follows from equation (1), 
if the dependence of the Hall e.m.f. on the 
true magnetization I; is known, In the true 
magnetization region, this relationship is a 
straight line the tangent of whose angle of 
slope gives the magnitude of the constant, 
Experiment shows that for all the alloys 
investigated this constant is a quantity 
practically independent of temperature (for 
temperatures less than 0). Fig. 2 shows the 
constant R,; plotted against temperature for 
some of the alloys investigated. 

The fact that R, is independent of tempera- 
ture near the Curie point makes it possible 
to estimate the temperature variation of 
coefficients a and 6 in equation (2). AS was 
shown in reference [1], coefficients a and 6 
may be written in the following form: 


a= and 
R; R; 


where and are coefficients occurring in 
the equation for the true magnetization of 
ferromagnetics [4]. It is to be expected 
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Fig. 2. Dependence of constant R; on temperature for a series of 


Fe-Ni alloys near the Curie point: 


1 - 30.5 per cent by weight Ni, remainder Fe; 2 - 32 per cent by 
weight Ni, remainder Fe; 3-— 37 per cent by weight Ni, remainder Fe; 


(8; = 68°; 62 = 119°; 


that, under the condition that R; is indepen- 
dent of temperature, the variation of coef- 
ficients a and 6 with temperature will be the 
same as the variation of coefficients and B 
with temperature 5. As is evident from 
Figs.3 and 4, this is confirmed by experiment. 


10 20 30 (@-T)° 


A/V om 
2 


Fig. 3. Dependence of constant a on temperature: 
1 - 30.5 per cent by weight Ni, remainder Fe; 
2 - 34.7 per cent by weight Ni, remainder Fe; 
3 — 37 per cent by weight Ni, remainder Fe 
(6; = 68°: 0g = 194°; Og = 245°) 


The relationships between the coefficients 
a, a, R. and 6, B, R; enable the constant 
R, to be calculated from the coefficients a, 
a, B. and 6, which can be determined from 
two independent measurements, Of the two 
pairs of coefficients (a, Band «a, 6) the 
coefficients B and 6 are determined experi- 
mentally with a greater degree of accuracy 
than the coefficients q@and a. Therefore the 


relationship R,;= was chosen for the 


= 245°). 


calculation of the constant R.. The values 


of R; obtained in this way were in good agree- 


ment with the experimental values of this 
coefficient, Experimental and calculated 
values of the constant R, for a number of 
alloys presented in the table for compari- 
son, 


bx1072?, oersted cm 


0 10 20 30(@-T)° 


Fig. 4. Dependence of constant 6 on temperature: 
1 — 30.5 per cent by weight Ni, remainder Fe; 

2 - 34.7 per cent by weight Ni, remainder Fe; 

3 — 37 per cent by weight Ni, remainder Fe. 


The quantitative agreement of the constant 
R, calculated in this way with the values of 
R; determined by experiment (from a graph of 
the Hall e.mf, against magnetization) is 
obvious and is an argument in favour of the 
correctness of the relationships stated for 
for the coefficients, 


24 
Mea. =2 
230 235 240 245 | | 
195 
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TABLE 1 


Alloy 30.5 by weight % Ni, Alloy 34.7 by weight % Ni, Alloy 38 by weight % Ni, 
remainder Fe, @ = 68° remainder Fe, @= 194° remainder Fe, § =260. 5° 


Values of R; Values of R; Values of R; 


t,°C ¢,°%C 
experimental | calculated experimental} calculated experimental] calculated 


t,°C 


10.5 | 3.20 x 1079 [3.41 x 1079 | 173.5 x|3.40 x 1079 13.35 x 1079 | 251.0 [3.95 x 1079 | 3.75 x 1079 
46.0 | 3.20 x 1079 |3.10 x 1079 | 178.0 x|3.40 x 1079 |3.30 x 1079 | 253.0 |3.85 |3.60 10°79 
57.0 | 3.20 x 10°9 [3.05 x 1079 | 181.0 |3.40 x 1079 3.35 x 10°9 | 258.0 |3.80 x 1079 |3.45 x 1079 
65.0 | 3.20 x 10°9 |3.03 x 1079 | 186.0 | 3.30 x 10°9 |3.35 x 10°? | 263.0 |3.80 x 1079 | 3.60 x 1079 
73.0 | 3.15 x 10°9 [8.05 x 1079 | 191.0 |3.30 x 1079 |3.35 x 10°? | 270.0 |3.70 x 1079 | 3.60 x 1079 
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ON THE PROBLEM OF ANOMALOUS BEHAVIOUR OF THE 
COERCIVE FORCE OF QUENCHED AND HIGHLY ANNEALED STEELS* 
M.N. MIKHEEV and G.S. TOMILOV 
Institute of the Physics of Metals Akad. Nauk SSSR 
(Received 3 January 1959) 


It is shown that the anomalous behaviour of the coercive force of 
quenched and highly annealed steels is connected with the shape, 
saturation magnetization and mean size of the carbides present. This 
agrees with the theory of inclusions [ 4). 


A series of works [1-3]has been dedicated 
to the problem of the nature of the coercive 
force of annealed steels in relation to the 
observation of their structure and mechanical 
properties. Kondorskii [4] examines the 
theory of coercive force of steels on the 
basis of the most general idea of the physics 
of magnetic phenomena. 

In works [i-3] the main importance in the 
mechanism of hysteresis of highly annealed 
plain carbon or alloy steels is given to the 
internal interphase surface area (carbide, 
ferrite, austenite), and also to the disper- 
sion of the blocks of the a-phase [2]. In 
the series of works [1-6], the anomalous 
behaviour of the coercive force of steels, 
annealed at 500-600°C, is explained by dis- 
persion hardening in connexion with precipi- 
tation and isolation of the carbide phases, 

The present work represents an attempt to 
elucidate the anomalous behaviour of the 
coercive force occurring in highly annealed 
martensitic steels, on the basis of a theory 
developed by Kondorskii [4]. 

In the general theory [4], two extreme 
examples are considered: 

(I) The case of relatively small, non- 
magnetic inclusions, which have the mean 
diameter d,,> 6, the mean demagnetizing 
factor in the direction of the field N, and 
volume fraction v. Only those inclusions 
whose mean diameter satisfies the relation 
6<d, <d, are included in the volume 
fraction v. Here 8 is the thickness of 
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domain wal] d, is the diameter of a magnetiza- 
tion nucleus, which can grow when H = H,. 

Taking into consideration only the energy of 
the magnetic field of the inclusions 4,, 
(which in this case is many times greater 
than the energy A,, connected with the 
increase of the interface area), theory [4] 
gives an estimate of the value of the criti- 
cal field H, by the formula: 


Cit 


(1) 


Here Iy is the saturation magnetization of 
the ferrite matrix, C, C,, Cc, are constant 
coefficients, approximately equal to one; 
Y is the surface energy of the boundary, 
which at room temperature is approximately 
equal to 2.5 ergs/cm 

(II) The case of relatively large inclusions, 
For uniaxial materials: 


where B is the total concentration of 
inclusions of all sizes, 


4] y 

where H,(d_) is the starting field, at which 
the magnetization nuclei, arising in the 
large inclusions for which ed > dep begin to 
grow. 

Ho(o ;) is part of the critical field, 
defined by the gradients of the internal 
fields, 
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For cubic materials, such as iron or highly 
annealed steel, the expression for the 
critical field follows Kersten’s formula [5]: 


H,~H, 


(2) 


Ss 


For the problem under consideration when 
the inclusions are found to be carbide 
phases exhibiting various degreed of mag- 
netization, it is possible to rearrange 
formula (1) in the form: 


Aly 


H,=C (1’) 
where I, is the saturation magnetization of 
the inclusions, 

If we take into account that the thickness 
of the wal] is 0.5 x 1075cm [7], we have, on 
the average, equal numbers of 180° and 90° 
neighbourhoods, and assuming that the sizes 
of the carbide inclusions in the region of 
annealing 400-650°C vary within the limits of 
1075-107*cm. [see 8], it becomes clear that 
we can expect to find the maximum concentra- 
tion of inclusions when annealing at 350- 
400°C, 

When annealing at 400°C, the process of 
precipitation and separation of carbide phases 
is in the main complete, and the process of 
spherodization (transformation of the plate 
form into globular form) and coarsening 
begins. During coarsening the large particles 
grow at the expense of the small, energeti- 
cally less favourable, particles. The 
process of coarsening as is known, is com- 
pleted during annealing at 700°C for the 
majority of plain carbon and low-alloy steels. 

The results of measurements of the magnetic 
properties of many structural and high-carbon 
steels, and also the temperature dependence 
of the magnetic properties, agree well with 
the data from the theory [4]. 

In Fig. 2 of the work [13], the values of 
the magnetic properties, hardness, and 
electrical resistance at room temperature, of 
a typical structural steel 40XH, are given in 
relation to the annealing temperature, 

The temperature dependence of the magnetic 
properties is shown in Fig. 4 of the work 
[13], and from it can be seen that at the 
temperature of observation t > 220°C, when all 
the carbides are practically paramagnetic, 
the maximum coercive force is found in 


samples annealed at about 320°C. 

In samples annealed at all temperatures 
above 400°C, the coercive force increases 
monotonically and almost linearly with an 
increase in annealing temperature, 

The saturation magnetization of the matrix 
I,» observed at 300°C remains practically 
constant in the whole annealing interval 
400-650°C (curve 6 in Fig, 4 of the work 
[13])}. Meanwhile the saturation magnetization 
at room temperature (curve 1) falls strongly 
with an increase in the temperature of 
annealing. While the quantity of the carbide 
phase present hardly changes at all during 
annealing above 400°C its magnetization 
ought to decrease, * 

It is clear from the formula (1’) that if 
we consider the change in the coercive force 
at room temperature with an increase in the 
temperature of annealing, then the dominating 
factor is the difference in magnetization 
between the matrix and the carbides (Iy-I,). 
This stage, as the initial concentration of 
coagulation v hardly changes, but the mean 
demagnetization factor Nop decreases (from 


=2 at 400°C to at 


cp 
600°C), the difference in magnetization 
(Iy-I,) increases with the temperature ef 
annealing, On the whole we have a decrease in 
the coercive force up to annealing temperature 


450°C, 
It is natural to expect that beginning at 


some temperature, about 450-500°C, the rate 
of increase of N becomes zero (that is 


4 
N a Re const), and the rate of increase of 


(Iy-T,) becomes greater than the rate of 
decrease of the concentration v; then the 
coercive force will increase with the ten- 
perature of annealing until the rate of 
decrease in v becomes greater than the rate 
of increase of the difference (Iy-I,). Above 
this annealing temperature the decrease in 
the coercive force should begin, resulting 
from a sharp increase in size of the carbide 
particles, and the secondary domain structure 
arising in the inclusions [9]. In this case 
the coercive force is defined by formula (2). 


* This decrease depends both on the carbide 
transformation [11], and on the alloying of 
cementite [12] and the formation of special 
non-ferromagnetic carbides. 
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The trend of the temperature dependence of 
H(t) shown in Fig. 4 of work [13] in the 
region of anneal T > 600°C fully supports 
this. 

Investigations [2, 8 and 10] and similar 
works have great practica] importance in the 
resolution of the problem of the strength of 
manufactured articles, The investigation of 
magnetic properties and their temperature 
dependence in these observations will help 
us to understand more quickly the mechanism 
of durability and so it will facilitate the 
solution of this important problem, 
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THE LAWS OF INTRA-CRYSTALLINE DISTRIBUTION OF 
ELEMENTS IN METAL ALLOYS” 
A.S. ZAV’ YALOV and B.I. BRUK 
(Received 6 August 1958) 


The processes taking place within the grains 
of solid solution alloys, which sometimes pro 
produce heterogeneity in the composition due 
to enrichment or removal from the peripheral 
zones of the crystallites of individual com- 
ponents, have a marked effect on the physical 
and mechanical properties of the alloys, 

However, existing experimental data are not 
sufficient to establish the essence and 
mechanism of these processes, Up to the 
present time, it has not been decided whether 
the development of these processes follows 
those general thermodynamic rules on which 
the phase diagrams are based, or whether 
they follow other rules which do not corres- 
pond directly with ideas arising from the 
phase rule, Whereas there is no doubt that 
liquation heterogeneities of composition 
become uniform during heating of the alloy, 
the effect of temperature on the redistribu- 
tion of the elements relative to the surface 
layers of the crystallites has not yet been 
fully clarified. 

Extensive use has been made of the theore- 
tical ideas developed by Arkharov [1-4]. 

The basic principle of these ideas is the 
fact that the enrichment of inter-phase 
surfaces with impurities lowering the surface 
energy of the phases (the so-called horo- 
philic impurities) shown by Gibbs, can 
extend in polycrystalline aggregates to a 
monatomic layer. According to Arkharov the 
thickness of layers enriched with horophilic 
or impoverished by the so-called horophobic 
(i.e. increasing the surface energy) impuri- 
ties reaches several] thousands of atomic 
distances and therefore the phenomena 
governing the regularities of formation and 
growth of the nuclei of new phases take 
place mainly within the limits of these 


* Fiz. metal, metalloved. 8, No.3, 349-361, 1959. 


layers, 
One of the basic ideas of the Arkharov 


- theory, determining the effectiveness of its 


application to various phenomena and proces- 
ses taking place in alloys, is the supposition 
that the concentration in the enriched layer 
is linked with the bulk solubility of the 
impurity and changes with temperature in a 
similar way to the change in solubility. 
This means that, for a weak change in the 
bulk solubility, over a certain temperature 
range there should be a weak change (of the 
same sign) of the average concentration of 
the Gibbs layer in the same temperature 
range and for a strong change (of the same 
sign) of the average concentration in the 
Gibbs layer. 

These ideas were used by their authors to 
explain a number of phenomena and processes 
taking place during the heat treatment of 
alloys. The interpretation of most of the 
phenomena was rather convincing, although as 
yet there has been no reliable experimental 
support for these ideas, 

The method of contact radiography, which is 
used in the present work, cannot pretend to 
give a complete answer to the problem of 
intra-crystalline distribution of elements in 
alloys, Nevertheless, this method has two 
special features which are very useful in the 
study of this problem, In the first place the 
radiography method makes it possible to 
detect in solid solution concentration 
heterogeneities which cannot be detected 
metallographically; in the second place, the 
radiographic method makes it possible with 
comparatively smal] magnifications to fix the 
concentration of element in very fine struc- 
tural volumes, since the radiation acting on 
the emulsion, being scattered from the point 
of localization of the radioactive material in 
all directions, produces a region of darkening 
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which is much greater than the radiating 
section itself, 

We calculated [5] the minimum thickness of 
a layer, enriched with radioactive carbon, 
at an austenite grain boundary which was able 
to develop a zone of preferential darkening 
on the photographic emulsion, The calcula- 
tion showed that with the usual nuclear 
photo-emulsions and the usual exposures and 
concentrations of the radioactive carbon in 
the alloy, the minimum thickness of such a 
layer does not exceed 107-103 interatomic 
distances, 


Fig. 1. An autoradiograph for the boundary 
contact of steels (tempering 600°C - 4 hr); x 4. 


The application of the radiographic method 
to the study of the distribution of impuri- 
ties in iron alloys is much more effective 
when working with the radioactive isotope of 
carbon. This is not only because the low 
energy of the B-spectrum of the 14c. isotope 
makes it possible to obtain sufficiently 
clear radiographs but also because the 
distribution of carbon in iron alloys is very 
closely bound up with the distribution of the 
alloying elements, 

For example, carbon has a tendency to con- 
centrate in zones which are enriched with 
carbide- forming elements, which is shown by 
the autoradiograph in Fig. 1, taken with a 
bimetallic specimen tempered at 600°C, con- 
taining radioactive carbon, One half of the 
specimen is an alloy of iron with 3 per cent 
chromium, the other half is a low-carbon 
unalloyed steel. Before tempering, the 
carbon was distributed uniformly in the un- 
alloyed component of the bimetallic specimen. 
As follows from this autoradiograph, during 
tempering the carbon diffused energetically 
from the deep layers of the unalloyed steel 
to the boundary where it fused with the 
alloyed steel; only the chromium contained 


in the alloyed half of the specimen could 
cause the carbon to do this, 

When the alloy has zones enriched with non- 
carbide-forming elements, these zones are low 
in carbon, which diffuses from them into 
zones which are less rich in these elements, 
This is confirmed by the photomicrograph of 
Fig. 2, which shows that carbon diffused from 
the surface layer, which was rich in silicon, 
into the deep zones, Similar results were 
obtained when the surface layer of steel was 
saturated with phosphorus, aluminium and 
other non-carbide-forming elements, 


Fig. 2. The microstructure of a carbon steel 
with 0.21 C after its surface saturation with 
silicon for 30 hr at 1050°C; «x 330. 


When steel with a high content of non- 
carbide-forming elements is carburized, in a 
number of cases this redistribution of carbon 
takes place and it collects in certain zones 
in the form of graphite surrounded by decar- 
burized zones. Fig.3 gives the microstruc- 
ture of a steel containing 4.4% Si after it 
had been carburized for 30 hr at 1000°C, It 
is of interest that no graphite separates in 
the layer at the outer surface of a specimen 
having the highest carbon content, 

The highest quantity of graphite separation 
was found at a distance of 0.5-0.65 mm from 
the outer surface (the total thickness of the 
cemented layer is 3.2 mm). During carburiza- 
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tion, the silicon from the surface layer was 


apparently ‘‘driven back” to the deeper 
layers, in which its graphitizing effect was 
much more pronounced, 


This conclusion is 


Fig. 3. The microstructure of a carburized layer 
of stee] containing 4.4 per cent silicon, cooled 
slowly after cementation; x 140. 


also confirmed by the chemical analysis of 
the layers, 

Not only is the silicon able to reduce the 
carbon content of zones which are rich in 
silicon, but carbon can also have a similar 
effect on the redistribution of silicon, The 
difference in their mutual effect is quanti- 
tative rather than qualitative, probably 
depending on the difference in the diffusion 
coefficients, 

The connexion between the distribution of 
carbon and the alloying elements is very 
clearly shown by the radiographic method, 

The 14c isotope was introduced into alloys 
of iron alloyed separately with silicon, 
molybdenum and tungsten, the concentrations 
of which were less than their solubility 
limit in iron in some cases and in others the 
concentrations exceeded this limit. The 
quantities of the isotope were sufficient to 
give clear radiographic images of the dis- 
tribution of carbon on the photoemulsion, 
The total carbon concentration in the alloys 
was 0.06-0.13%. Due to the rapid cooling of 


the ingots after smelting, their structure in 
most cases showed a clearly expressed den- 
dritic heterogeneity. 
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We will consider first of all the distri- 
bution of carbon in alloys of iron with 
silicon, Fig.4 gives an optical photograph 
(a) and an autoradiograph (b) of an iron 
alloy containing 19.5% Si, the structure of 
which contains a phase enriched with silicon 
(apparently the 7 -phase Fe Si,). A compari- 
son of these photographs shows that where 
there is silicon intermetallide (the lightly 
etched part on the optical photograph) there 
is practically no carbon; on the other hand, 
in the sections which are low in silicon 
content, which are clearly the inter-axial 
dendrite zones in this particular case, there 
is a noticeable accumulation of carbon, 


The distribution of carbon in an iron 
alloy containing 19.5% Si: 


Fig. 4. 


a — optical photograph; x 30; b — autoradio- 


graph; x 20. 


The distribution of carbon in an iron 


alloy containing 9.2% W: 
a — optical photograph; 


Fig. 5. 
x 45; b — autoradio- 
graph; x 30. 

These results agree with data for the 
distribution of carbon in a plastically worked 
alloy with a relatively even distribution of 
the silicon (with its concentration less 
than the solubility limit for iron), As 
shown by the autoradiograph of Fig.8, in this 
alloy the carbon concentrates mainly at the 
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ferrite grain boundaries, i,e. it is ‘drawn’ 
from the central zones of the crystallites to 
their periphery. 

We therefore see that in alloys of iron 
with non-carbide-forming elements (silicon), 
the carbon tends to concentrate in sections 
with a low silicon concentration, At the 
points of separation of intermetallic com- 
pounds which are rich in silicon, the carbon 
is absent, which is probably due to the 
negligible solubility of carbon in these 
compounds; when there is no phase enriched 
with silicon, the carbon “‘is drawn” (diffuses) 
to the grain boundaries, 

We will now deal with the distribution of 
carbon in alloys alloyed with carbide-forming 
elements, 

The optical photograph (a) and the autoradio- 
graph (b), given in Fig.5 refer to an alloy 
of iron with 9.2% W and 0.1% C cooled in air 
after solidification, The fact that the 
shape and disposition of the dark sections on 
the autoradiograph are completely analagous 
to the microstructure indicates that all of 
the carbon in the alloy is in the tungsten- 
containing component, which is visible under 
the microscope, forming a complex iron- 
tungsten carbide or possibly, a homogeneous 
mixture of this phase with the tungstide Fe,W. 

Fig. 6 shows an autoradiograph of an iron- 
tungsten alloy, the concentration of which 
(1.9 per cent) is less than its solubility 
limit in iron, In this case, as shown by the 
autoradiograph, the distribution of carbon 
(more accurately the carbides) is uniform, 
which is apparently due to the uniform dis- 
tribution of the alloying element itself in 


Fig. 6. The distribution of carbon in an 
iron alloy containing 1.9% W (autoradiograph); 
x 100. 


Thus, in iron-tungsten alloys, the carbides 
are distributed in such a way that the dis- 
position of the carbon corresponds to the 
disposition of the alloying element, 


Fig. 7. The distribution of carbon in an alloy of 
iron containing 15% Mo: 

a — optical photograph; x 150; b — autoradio- 
graph; x 50. 


A similar regularity is found in alloys of 
iron with other carbide-forming elements, 
For example, Fig.7 gives an optical diagram 
(a) and a autoradiograph (b) of an iron alloy 
with 15% Mo. The structure of this alloy 
should have an €-phase enriched with mclyb- 
denum, or, possible rich in molybdenum 
carbide, It can be seen from the autoradio- 
graph that the carbon concentrates at the 
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a-phase grain boundaries, i.e. apparently in 
the zones most likely to contain an inter- 
metallic compound or molybdenum carbide. The 
optical photograph clearly shows the presence 
of a needle-shaped component in these zones, 

Summarizing the results obtained, it can be 
stated that the distribution of comparatively 
small amounts (0.06-0.13 per cent) of carbon 
in iron alloys with different alloying 
elements shows the following regularities, 

In the alloying of iron with non-carbide- 
forming elements in amounts exceeding the 
limiting solubility in iron, which results in 
the formation of an intermetallic compound 
enriched with this element (its separation in 
a structurally free state), the carbon is 
concentrated in those structural components 
which contain the smallest quantities of the 
alloying element. 

In the alloying of iron with non-carbide- 
forming elements in amounts not exceeding the 
limiting solubility in iron, due to which the 
alloying element is distributed relatively 
uniformly in the alloy, the carbon is ‘‘drawn” 
from the alloy to the surface of separation 
between the crystal formations, 

In the alloying of iron with carbide- 
forming elements, the carbon is distributed 
in accordance with the disposition of the 
carbide-forming element; if the concentration 
of the latter exceeds the limiting solubility 
in iron, then the carbon is concentrated at 
the places of separation of the compounds 
enriched with the alloying element, if the 
concentration of the element does not exceed 
the limiting solubility in iron, and the 
element is distributed relatively uniformly 
in the alloy, then the carbon in the carbide 
phase is also distributed uniformly, 

It can therefore be concluded that if the 
application of the 14c isotope makes it 
possible to establish the mode of distribution 
of carbon in iron alloys containing different 
alloying elements, then this distribution 
should undoubtedly be connected with the 
distribution of the alloying elements in the 
alloy. 

Bearing in mind the established connexion 
between the distribution of carbon and the 
distribution of the alloying elements, and 
also taking into account the result (found by 
calculation) that the radiographic method 
can be used to detect layers which are 


enriched with carbon, where the thickness is 
10°-103 interatomic distances [5], we will 
attempt to establish certain regularities for 
the distribution of elements in microscopi- 
cally small boundary volumes of alloys of 
iron with carbon and various alloying 
elements, 

We will consider an alloy of iron with 
4.4% Si [5,6]. It follows from the Fe-Si 
phase diagram that an alloy of this composi- 
tion should be single-phase up to the line of 
the solidus, The distribution of carbon in 
this alloy (in amounts of 0.03 per cent)* 
after various types of heat treatment shows 
up clearly on the autoradiographs given in 
Fig. 8 

With slow cooling of the alloy from 970°C 
and with tempering of the hardened alloy at 
590° there is a perfectly clear concentration 
of carbon at the grain boundaries, Due to 
quenching of the alloy from 950 and 1200°C, 
the distribution of the carbon relative to 
the grain boundaries is homogeneous (at least 
in volumes exceeding 102-103 interatomic 
distances). 

The fact that in unalloyed iron containing 
0.035% C which has been tempered after 
quenching, the carbon distribution does not 
show any noticeable tendency to concentration 
at the grain boundaries (Fig.9), indicates 
that this concentration of carbon in the iron 
alloy with 4.4% Si, in the annealed and 
tempered states, is due to the presence of 
Silicon, Enrichment of the grain boundaries 
with carbon in an alloy containing 4.4% Si, 
after tempering at 590°C and the absence of 
such enrichment after quenching from 1200 and 
from 900°C is apparently connected with the 
fact that with increase in temperature, the 
limiting solubility of carbon in the ferrite 
of the composition indicated increases and at 
900°C exceeds (probably by a considerable 
margin) 0,035 per cent. 

These experimental data therefore do not 
confirm the opinion that the concentration of 
the dissolved element in boundary volumes of 
monatomic thickness should change with in- 
crease in temperature in accordance with the 
curve for the volume solubility of this 


* In iron-silicon alloys, containing about 0.03% C, 
the region of the y -solid solution tapers off 


completely at 3% Si. 
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Fig. 8. 


The microscopic distribution of carbon in an iron alloy contain- 
ing 4.4% Si (autoradiograph); x 65: 
a — slow cooling from 970°C; b — quenching from 950°C; 


c — quenching 


from 1200° and tempering at 590°C, 10 hr. 


element in the abloy [1-4]. The solubility 
of carbon in ferrite alloyed with silicon 
increases with temperature and the concen- 
tration of carbon in the boundary volumes 
decreases, 

If we consider that the main ‘*notivating 
factor” leading to concentration of elements 
at the crystallites surface is the surface 
energy, then the decrease in the role of this 
factor with increase in temperature should 
follow from the known expression 


Fig. 9. The distribution of carbon in unalloyed 
iron with 0.035% C after quenching from 1200° and 
tempering at 590°C, 10 hr. Autoradiograph, x 65. 


Since the entropy is always positive, the 
free energy decreases with increase in tem- 
perature. The decrease with temperature of 
the factor causing concentration of the 
element at the grain boundaries should 
naturally lead to a reduction in the concen- 
tration process, 

The processes of concentration at the 
crystallite boundaries are often identified 


with adsorption phenomena, consisting of 
enrichment of the surface layer relative to 
the bulk concentration. In this case, the 
reduction in the effect of preferential 
enrichment of the surface layers by the 
adsorbing material with temperature is also 
apparent, This is supported by the well- 
known Gibbs’ adsorption equation, 


where I’ is the excess of the substance per 


2 - is the change in the 


surface tension with change in the bulk con- 
centration of the substance, 

It follows from this equation that increase 
in temperature leads to a reduction in the 
amount adsorbed on the interface, 

Thus, both the results of the experiments, 
and the simple thermodynamic considerations 
indicate that the factors which promote 
solute enrichment of the interface regions 
separating solid solution crystallites 
decrease with increasing temperature, 

This conclusion holds when, in accordance 
with the phase diagram, the solubility of 
the component increases with increasing 
temperature. In the comparatively rare cases 
when the increase in temperature leads to a 
reduction in the solubility of the component 
(as for example in certain concentration 
regions of the copper-zinc system) the enrich- 
ment of the surface layers of solid solution 
crystallites with impurities should increase 
with increase in temperature. 


unit surface; 
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Fig. 10. The microscopic distribution of carbon in iron alloys contain- 


ing 15% Mo (autoradiograph); x 100. 


a — slow cooling after crystallization; b — quenching from 1250°C; 
c — quenching from 1250° and tempering at 800°C, 15 hr. 


In studying further the intra-crystal line 
distribution of impurities, we will deal 
with the distribution of small amounts of 
carbon (0.06 per cent) in an iron alloy 
containing 15 per cent molybdenum, Due to 
the slow cooling of an alloy containing 15% 
Mo, the carbon, after the crystallization is 
concentrated near the grain boundaries 
(Fig. 10a). 

In water quenched from 1250°C, the carbon 
is distributed evenly, as can be seen from 
the autoradiograph of Fig.10b. It would 
therefore appear that either the carbon- 
enriched layer does not exist at the grain 
boundaries, or that its thickness does not 
exceed 107-102 interatomic distances. 

It follows from the autoradiograph of 
Fig.10c that tempering the alloy after 
quenching from 1250°C again leads to a 
noticeable concentration of carbon at the 
grain boundaries, 


This type of carbon distribution can also 
be seen in the heat treatment of an iron 
alloy containing 12 per cent tungsten 
(Fig.11). Slow cooling from high tempera- 
tures and tempering after quenching from 
1250°C leads to a concentration of the 
carbon at the grain boundaries; high tem- 
perature quenching leads to a relatively 
uniform distribution of carbon in the volumes 
of the solid solution crystallites, 

The observed features of the distribution 
of carbon in Fe-Mo alloys and Fe-W alloys can 
be explained in the regularities of the phase 
state of these alloys in various temperature 
regims, Alloys of the selected composition 
(Fe + 15% Mo and Fe + 12% W) at 1250°C are 
single phase, a-solid solutions, The 
uniform distribution of carbon (show by tne 
radiographic method) in alloys which have 
been quenched from 1250°C may be an indica- 
tion, as explained at the beginning of this 


Fig. 11. The microscopic distribution of carbon in iron alloys contain- 
ing 12% W (autoradiograph), x 100: 

a — slow cooling after crystallization; b — quenching from 1250°; 

¢ — quenching from 1250° and tempering at 800°C, 15 hr. 
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article, of the uniform distribution of 
molybdenum and tungsten in alloys at this 
temperature. It can therefore be assumed 
that in the temperature region in which the 
solid solution is the only phase, both the 
molybdenum and the tungsten are distributed 
either uniformly relative to the grain boun- 
daries, or the non-uniformity is localized 
within a layer of less than 102 interatomic 
distances, * 

If the concentration of tungsten in the 
alloy does not exceed the limit of its 
solubility in a@-iron, then if follows from 
Fig.6 that the distribution of carbon in an 
alloy which was cooled from high temperatures 
is uniform, which presumably indicates the 
uniform distribution of tungsten in the alloy. 
Similar results are obtained in the iron- 
molybdenum alloy. 

We therefore conclude that the distribution 
of molybdenum and tungsten in Fe-Mo alloys 
and Fe-W alloys follows the same laws which 
proceed directly from the phase diagrams of 
these binary alloys, In the region of 


existence of a single-phase solid solution 
(a) the distribution of these elements in 


the grain is uniform (in the sense of the 
word already used above). In the region of 
a two-phase state, the phases enriched with 
molybdenum (¢€) and tungsten ( B) are concen- 
trated at the ferrite grain boundaries, 
‘Nulling” carbon to these volumes, 

Experimental confirmation that intermetal- 
lic compounds separate at the grain boundaries 
of super-saturated solid solutions makes it 
possible to give the following thermodynamic 
treatment to processes that lead to the con- 
centration of elements in the surface volumes 
of crystallites, 

The increased level of the free energy in 
volumes adjoining the grain boundaries 
facilitates the setting up of atomic groups 
which are essential for the formation of 
nuclei of the new phase. In the case of 
alloys however, the formation of nuclei 
of the new phase. In the case of alloys 
however, the formation of nuclei requires 
the presence not only of energy fluctuations, 


* A similar result for a Y-solid solution was 
obtained in paper [5] in connexion with two 
other carbide-forming elements — chromium and 
manganese. 


as for single-component systems, but also 
fluctuations in the composition. In the 
case of the formation of Fe,Mo, intermetal- 
lides (containing above 50 weight % Mo) and 
and Fe W (containing over 60 wt % W) it is 
very likely thermodynamically that there is 
a preceding displacement of the molybdenum 
and tungsten atoms to the grain boundaries, 
increasing the possibility of formation of 
composition fluctuations which are essential 
for the formation of nuclei for the new 
phase, 

As regards the energy state of the alloys 
under consideration, being heated to 1250°C, 
the level of the free energy of the a-phase 
at this temperature is much lower than the 
level of the free energy of intermetallic 
compounds, due to which there is little 
probability of the formation of nuclei of 
these phases along the grain boundaries. It 
is quite apparent that if the energy state of 
the system prevents the formation of nuclei 
of a phase enriched with some element along 
the grain boundaries, then to an equal extent 
it hinders (or at least reduces the pos- 
sibility of the enrichment of the grain 
boundaries with this element. In other 
words, the processes by which the grain 
boundaries are enriched in molybdenum and 
tungsten is in direct connexion with the 
formation of phases enriched by these elements, 
proceeding from the phase diagrams, flrich- 
ment by these alloying elements of polyatomic 
layers along the grain boundaries of an alloy 
can only take place under those temperature 
and concentration conditions which precede 
the separation from the solid solution of 
phases enriched with molybdenum and tungsten. 

The experimental results given in this 
paper indicate that processes of heat treat- 
ment of metallic alloys can cause the dis- 
placement of some components of these alloys 
to the grain boundaries of the solid solution, 
leading to a reduction in their surface 
energy. This displacement is bound up with 
those thermodynamic laws on which the phase 
diagrams are based, Consequently, the 
character of the displacement of alloy com- 
ponents towards the grain boundaries, com- 
pletely determined by those temperature and 
concentration conditions in which the alloy 
exists, can be found directly from the phase 
diagram, If, due to change in its tempera- 
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ture or the ratio of components in it, a 
single-phase alloy is at the stage directly 
preceding the separation of a new phase, then 
there should be concentrated along the boun- 
daries of the crystallites of this alloy, or 
along the boundaries of smaller crystal 
formations, for example, mosaic blocks (also 
close to the final surfaces of separation, 
when dealing with a liquid alloy), those 
components of the alloy with which the 
separating phase is enriched in comparison 
with the initial solid solution, 

It follows from this that there is no 
justification for relating some elements to 
the class of horophilic elements with respect 
to the solvent element, and others to the 
horophobtc class when dealing with multi- 
atomic layers of the solid solution, In the 
single-phase region of the phase diagram, the 
same component of the alloy can either be 
horophilic with respect to the solvent element 
or horophobic for a different ratio of com- 
ponents or even with the same ratio but at 
different temperatures, 

Considering for example the region of a 
Y-solid solution on the iron-carbon diagram, 
we should consider that the carbon in the 
alloy, whose composition is close to the ES 
line, is horophilic with respect to the iron 
and horophobic in an alloy close to the com- 
position of the GS line. 

In fact, the probability of composition 
fluctuation required for the formation of the 
nucleus of a new phase, enriched with some 
element, sharply decreases with increase in 
the number of atoms concerned in the fluc- 
tuation, It has been found for example, 
that in an iron-carbon alloy of eutectic 
composition, the probability of formation of 
a group of atoms corresponding in composition 
to the formula Fe_C decreases by 4 x 104 
times when the number of iron atoms in this 
grouping increases from 24 to 48 and another 
7.5 x 108 times when this number increases 
from 48 to 96. 

It should also be remembered that for a 
given degree of supercooling, there is a 
thermodynamically possible growth of nuclei, 
only of those exceeding in dimensions a 
fixed critical value. It is therefore quite 
apparent that in austenitic alloys, the 
carbon concentration of which corresponds to 
the ES line for a given temperature in one 


case, and in another to the GS line, the 
carbon will] tend in one case to concentrate at 
the grain boundaries, thereby increasing the 
probability of formation of cementite nuclei, 
and in the other will tend to leave the grain 
boundaries, increasing the probability of 
formation of nuclei of the alpha-phase. 
During slow cooling of a post-eutectoid 
iron-carbon alloy, cementite forms along the 
grain boundaries, and in the case of a low 
carbon alloy, ferrite forms; with slow 
cooling of an alloy with the exact eutectoid 
composition, pearlite forms, i.e, the carbon 
is evenly distributed over the whole of the 
grain. Depending on its content ,in the alloy, 
the same element can therefore be distributed 
differently within the limits of the grain. 
Similarly, we cannot ascribe to zinc a 
constant horophilic or horophobic property 
with respect to copper. Changing the 
concentration of zinc and copper in any 
isothermal through the phase diagram for 
these alloys, for any single-phase region 
of this diagram we will have those ratios of 
component concentrations for which the zinc, 
according to the above simple thermodynamic 
ideas, will tend either to enrich the grain 
boundaries of the solid solution or to deplete 
then, 


CONCLUSIONS 


The experimental results given in this 
paper and in papers [5,6] indicate that the 
distribution of elements in metal alloys 
obeys the following laws, 

1. If for a given temperature the content 
of the element does not exceed its limiting 
solubility in the solvent metal, then this 
element is distributed relatively evenly, 
over the whole of the crystallite, showing 
no tendencies to preferential concentration 
at the peripheral or internal volumes of the 
crystallite. 

2. If the content of the element at a 
given temperature exceeds its limiting 
solubility in the solvent metal, then the 
excess quantities of this element will be 
concentrated at the boundaries of the 
crystal formations of the alloy in the form 
of a phase enriched with this element or in a 
structurally free state, With change in 
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temperature of the alloy, in accordance with 
the phase diagram, the components may be 
concentrated either in the boundary zones 
(with reduction in the limiting solubility of 
the elements) or distributed more evenly 
within the limits of the crystallite (with 
increased solubility of the element). 

3. If, due to change in temperature or 
concentration conditions, a single phase 
alloy is at the stage preceding the separa- 
tion of a new phase, then along the crystal- 
lite boundaries of this alloy or along the 
boundaries of the smaller crystalline for- 
mations, for example, mosaic blocks (and to 
an equa] extent near to the final surfaces of 
separation in the liquid alloy) those 
components of the alloy concentrate with 
which the separating phase is enriched in 
comparison with the original phase. 

4. The presence in the alloy of some 
elements affects the intra-crystalline 
distribution of other elements. 

(A) If the alloy is formed by a metal 
solvent and two other elements, the bond 
strength between the atoms of which is 
weaker than between them and the atoms of the 
metal solvent (an indication of which is thé 
inability of these elements to form compounds 
with one another in the alloy), then: 

in the first place, enrichment of the 
grain boundaries and other crystalline for- 
mations by one of these elements (which is 
the case when its concentration in the alloy 
exceeds the limiting solubility in the metal 
solvent), causes a reduction in the content 
of the other element in the boundary zones; 
secondly, @ relatively uniform distribution 
of one of these elements over the whole 
volume of the crystallite (which is the case 
when its concentration in the alloy does not 
exceed the limiting solubility in the metal 
solvent), causes redistribution of the second 
element as a result of which it enriches the 
boundaries of the crystalline formations, 

This is found, for example, in alloys of 
iron with silicon and small] amounts of 
carbon, If the silicon concentration is such 
that a silicon-enriched phase forms, then the 
sections containing this phase have a reduced 
carbon content. In the case where the con- 
centration of silicon does not exceed the 
limit of its solubility in iron, the grain 
boundaries of the solid solution are enriched 


with carbon, 

(B) If the alloy is formed with a metal 
solvent and two other elements, the bond 
strength between the atoms of which are 
stronger than between them and the atoms of 
the meta] solvent (an indication of which is 
their ability to form compounds with one 
another in this particular alloy) then: 
firstly, enrichment of the grain boundaries 
and other crystalline formations with one of 
these elements (which is the case when its 
concentration in the alloy exceeds the limit- 
ing solubility in the metal solvent), causes 
enrichment of the boundary zones with the 
other element also; 

In the second place, the relatively uniform 
distribution of one of these elements over 
the whole volume of the crystallite (which is 
the case when its concentration in the alloy 
does not exceed the limiting solubility in 
the metal solvent) slows down the process of 
redistribution of the excess quantities of 
the second element, resulting in enrichment 
of the boundaries of the crystalline forma- 
tions with this element. 

This is observed, for example, in alloys of 
iron with carbide-forming elements (Cr, Mo 
etc.) and carbon. In the case when the 
concentration of the carbide-forming elements 
does not exceed the limits of its solubility 
in iron, the redistribution of carbon 
towards the boundaries between the grains is 
hindered, When there are phases enriched 
with carbide-forming elements along the 
grain boundaries, the carbon concentrates in 
the sections which are enriched with the 
carbide-forming elements, 

5. The investigation shows that when con- 
sidering the boundary layers of poly, atomic 
thickness, it is not possible to consider 
some elements to be horophilic and the 
others to be horophobic with respect to the 
meta] solvent. The tendency of components to 
concentrate along the grain boundaries or, on 
the other hand, to diffuse from the peripheral 
to the central volumes of the grains is deter- 
mined not by any constant property of a given 
element with respect to the solvent element, 
but by the ratios of the concentrations of 
components for a given temperature, deter- 
mined by the phase diagram, and in systems 
with more than two components by the differ- 
ence in the bond forces between the elements, 
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forming the alloy. According to the phase 
diagram for the alloy, the same element in 
different temperature regions and for differ- 
ent concentrations of components of a single- 
phase system can be distributed preferentially 
both at the surface and in the internal 
volumes of the crystallites 


Translated by J. Thompson 
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A STUDY OF SELF-DIFFUSION 


IN ZIRCONIUM AND ITS ALLOYS 


WITH TIN* 
V.S. LYASHENKO, V.N. BYKOV and L.V. PAVLINOV 
(Received 13 September 1958) 


The self-diffusion in zirconium in q@- and B- regions is studied with the 
use of the radioactive isotope 95zr. The activation energy of self-diffusion 
in @- and B -zirconium is 52,000 and 38,000 cal/gatom respectively. Alloying 
zirconium with tin raises the activation energy of self-diffusion in a-zircon- 
ium. The maximum value of activation energy (75,000 cal/g atom) is obtained for 
an alloy containing 2,39 per cent weight of tin. 


Zirconium possesses good nuclear-physical 
properties and a comparatively high resis- 
tance to corrosion in water at temperatures 
up to 360°. However, the use of zirconium is 
limited to a considerable degree by its low 
mechanical and anticorrosive properties at 
increased temperatures (400-500°) [1]. 

It is known [2] that the speed of softening 
of metals and alloys depends on the mobility 
of the atoms, determined by the energy of 
interatomic reaction, The energy of inter- 
atomic reaction can be evaluated by the 
known values of a series of physical para- 
meters, including the activation energy of 
self-diffusion, 

The published data on self-diffusion in 
zirconium [3-5] do not agree with one another, 
From the work published for zirconium, there 
are considerable variations from the known 
rules of the process of diffusion. This is 
probably explained by the effect of certain 
factors which were not taken into account, 
One of these factors could be, for example, 
predominant boundary diffusion, the presence 
of which is confirmed in the present study. 

An increase in the energy of interatomic 
reaction can be obtained by alloying. In 
the present work the effect of the addition 
of tin on the activation energy in zirconium 
is studied. The choice of tin in the cap- 
acity of an alloying element is explained by 
the fact that there are indications in the 


* Fiz. metal. metalloved. 8, No.3, 362-369, 1959. 


literature of the favourable effect of tin 
on the resistance of zirconium to corrosion, 


METHOD OF EXPERIMENT 


For the study zirconium iodide (99.6 per 
cent) was used, with the basic additions: 
Hf-0.07%, N-0.014%, Fe-0.04%, Si-0.05% (hard- 
ness not more than 55 Rn), smelted in an 
electric arc furnace type MIFI-9-3 in an 
atmosphere of argon, Under the same con- 
ditions binary alloys of zirconium were 
smelted, containing 1.30, 2.39 and 3.54 per 
cent weight of tin. Al] the specimens were 
subjected to homogenizing anneals at a ten- 
perature of 1000° for a duration of 5 hr. 

The specimens had dimensions of 10 x 10 x 
x 20 mm. For determining the coefficient of 
self-diffusion in zirconium, radioactive 
isotope 95Zr was used, which was evaporated 
onto the specimens in a vacuum, At the time 
of evaporation the specimens were situated 
on the water-cooled cover of the chamber with 
a residual pressure of 1073 mm Hg. The 
activity of the specimens amounted to 20,000- 
25,000 impulses per minute, The deposited 
film of the isotope of zirconium became 
compact, 0.5-1 y thick, calculated by the 
increase in weight. 

The diffusional anneal at temperatures of 
650-827° took place in evacuated quartz 
capsules. At temperatures of 918-1260° the 
specimens were annealed in a quartz capsule 
with continuous evacuation (residual pressure 
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approximately 5 x 107% mm of Hg.). 

At temperatures of 1325-1500° the diffusion- 
al anneal was carried out in a vacuum furmace 
with a tungsten heater (residual pressure 
approximately 5 x 10-4 mm Hg.). Two speci- 
mens were annealed simultaneously, with their 
active sides placed together. To prevent 
possible oxidation, the specimens were 
covered with zirconium shavings in all cases, 
The anneal was carried out continuously, the 
time of heating and cooling of the specimens 
was accounted for by introducing the corres- 
ponding correction. The diffusion anneal in 
the B-region was from one to thirty hours 
(depth of penetration 200-300 uw). In the 
a@-region the accuracy of the measurements of 
the coefficients of diffusion lies gt the 
limit of sensitivity of the method as the 
depth of penetration for annealing from 
222-1076 hr amounted to 30-60 -. 

The temperature was measured by a Pt-Pt-Rh 
thermocouple. The deviation of the tempera- 
ture from the set value did not exceed + 5°. 

The layers were removed on a polishing 
disk, The thickness of the layer was measured 
by the difference in the thickness of the 
specimen before and after the removal of the 
layer on a vertical optical comparator type 
IZV-1. This instrument ensures an accuracy of 
+ ly. However, because of the possible non- 
parallelism of the layers removed, the actual 
error, in measuring the thickness of a layer 
is estimated at 2-3. In the a-region the 
thickness of the layer was measured by the 
instrument IZV-1 and calculated by the change 
in weight of the specimens, weighed with an 
accuracy of + 0.0001g. In this instance the 
error in the measurement of the thickness of 
the layer did not exceed lp. 

The integral activity of the specimens was 
measured on a rigidity meter B-2 with the use 
of a facing meter type MST-17. The duration 
of each measurement amounted to 10 min. Y - 
radiation of niobium, a product of the disin- 
tegration of Zr-95, was accounted for by the 
use of a filter. 

The coefficient of absorption of B-radia- 
tion of zirconium measured with the use of 
aluminium filters, proved to be 350 cn}, The 
coefficient of seif-diffusion was measured by 
the method of the removal of layers and the 
determination of their specific activity by 
the variation of the integral activities of 


the specimen before and after the removal of 
the layer [6]. 

In accordance with the primary and boundary 
conditions for the specimens studied, the 
solution of the diffusion equation can be put 
into the form 


9 
- 


Aln Xn 
In +u/a)j=— const 

where In is the integral activity after the 
removal of a layer of thickness xn; yp is the 
coefficient of absorption of B-radiation of 
zirconium 


A 
The value In) is a linear 


function of x2, The tangent of angle a, 
formed by this line with.the abscissa equals 
1/4Dt. Then the calculation formula will 


have the form D = —! ‘ 
4t xtana 

The expression obtained is correct for 
volume diffusion. For boundary diffusion, as 
follows from the given analysis of Fisher 
[7], the logarithm of the concentration 
should be a linear function of the first 
power of the depth of penetration, 

The calculation formula for the coefficient 
of boundary diffusion has the form 


2 V D [d (Ine) ]—2 
where 6 the width of the boundary of the 
division; D is the coefficient of volume 
diffusion. 

The relative error in the determination of 
the coefficient of volume diffusion by the 
described method does not exceed 14-15 per 
cent. Besides this, in the B-region sub- 
stantial diffusion occurs rapidly, resulting 
in an inaccuracy in the measurement of the 
time of annealing (7-8 per cent). The 
relative error of the determination of the 
activation energy of self-diffusion for a- 
and B-zirconium is 5 and 2 per cent, respec- 
tively, 


EXPERIMENTAL DATA AND THEIR DISCUSSION 


The data for measuring the coefficients of 
self-diffusim in zirconium are presented in 
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Table 1 and Figs. 1 and 2 (650-827° for the 
a-phase; 918-1500° for the B-phase). 
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Fig. 1. The temperature dependence of the coef- 
ficient of self-diffusion in a-zirconiun. 
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Fig. 2. The temperature dependence of the coef- 
ficient of self-diffusion in B -zirconiu. 


The temperature dependence of the coefficient 
of self-diffusion, calculated graphically and 
by the method of least squares, can be repres- 
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ented by the equations: 


52 000 


D=5.9% — 


cm?/sec (a-phase) 
D=2.4X 10-3 exp (j-phase) 


The coefficients of self-diffusion at 918 
and 996°, determined from the graph of the 


dependence of log (Ste!) on x*, do not lie 
x 


on the straight line, and are rather larger 
in value than those extrapolated from the 
equation for the B-phase. The causes of 
this deviation will be discussed later. 

From Fig. 1 it is seen that the experimental 
point at 650° does not lie on the general 
straight line carried through the points 740, 
800 and 827°. This is explained by the lower 
accuracy of the determination of the coef- 
ficient of self-diffusion at 650°, as the 
depth of penetration at this temperature for 
540 hr amounts, in all, to 10pm. 

The published data and results of the 
present work show that the process of self- 
diffusion in zirconium is characterized by 
certain deviations from the known rules, 
is known, for example, that for many pure 
metals a simple correlation takes place 
between the activation energy of self- 
diffusion and the melting point (Q = 407, 21.) 
{8]. For zirconium, from the data of the 
present work, the deviation from this cor- 
relation goes beyond the limit of possible 
experimental errors, The activation energy, 
calculated from the formla Q = 40T,.,, is 
equal to 85,000 cal/g-atom for zirconium, 

The correlation established in the work [9] 


It 


TABLE 1 


@ -phase 


B -phase 


Temperature, °C| D, cm/sec 


Temperature,°C| D, 


6 x 107 24 
3x 6x 1073 


650 
740 
800 


1x 4x 10°)? 
2x 7x 107)? 


918 

996 
1118 
1162 
1260 
1325 
1400 
1500 


800 750 700 650°C 
= 
95 700. 15. ‘WS 
| vol 
8 
5560 70 30 
cm?/sec 
x5 x 192 
x1 x 109 
x16x 109 
827 x Bx 109 
x 8 x 
x 5x 
x 9x 
x 2x 10° 


A study of self-diffusion 43 


between the activation energy of self- 
diffusion and the heat of sublimation does 
does not take place either, For many pure 
metals @(0.6-0. The value of acti- 
vation energy, calculated by this formula, is 
also equal to approximately 85,000 cul/g- atom 
for zirconium 

The work carried out does not give the 
opportunity to establish reasons to explain 
the deviations from the indicated rules. One 
can only suppose that boundary diffusion has 
a marked effect on the process of diffusion 
in the temperature interval] studied. Preva- 
lent boundary diffusion is observed at tem- 
peratures of 918 and 996°, Whether the dif- 
fusion occurs through the volume of the grain 
or at the boundaries can only be judged by the 
character of the dependence of the logarithm 
of concentration on the depth of penetration. 

In Fig. 3 is represented the dependence of 


the logarithm of concentration (more accurately 


of the value +u/, which is proportional 
x 


to the concentration) on x* for the specimens 
annealed at 918, 996 and 1260°. In Fig. 4, 
for the same specimens, is represented the 


dependence of log a + pl ) on the first 
x 


power of the penetration distance. From these 
graphs it is seen that the experimental points 
for a temperature of 918° lie on the straight 


line in the co-ordinates log (+e )—. 


This bears witness to the fact that, at a 
temperature of 918°, prevalent diffusion takes 
place on the boundaries. The experimental 
points at a temperature of 1260° (and also at 
higher temperatures) lie on a straight line in 


the co-ordinates + Consequently, 
x 


at 1260° and higher temperatures diffusion 
through the volume of the grain is predominant 
in the diffusional flow. At a temperature of 
996°, as is seen from Figs. 3 and 4, the 
experimental points do not lie in a straight 
line either in the co-ordinates 


log{| — 
Ax 
or in the co-ordinates 


log Ge + ) —x?, 
AX 


This means that at 996° the diffusion at the 
boundaries flows at a greater speed than 
through the volume of the grain, but the dif- 
fusional streams are equal in size, 

The value of the coefficient of boundary 
diffusion at a temperature of 918°, calculated 
with the use of the Fisher formula, equals 
10- *cm?/sec. 

325 


207-00 200300400 


cm? 
Fig. 3. The dependence of the logarithm of concen- 
tration on the square of the depth of penetration. 
(1 at 918°; 2- at 996°; 3 at 1260°). 


325 


Fig. 4. The dependence of the logarithm of con- 
centration on the depth of penetration. 
(1-at 918°; 2-at 996°; 3-at 1260°). 

The relationship of the coefficient of 
boundary diffusion to the coefficient of 
volume diffusion is equal to 2 x 109. 

It is difficult to suppose that the preva- 
lent boundary diffusion at 918° and partly at 
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996°, is explained by diffusion at the bor- 
ders of the grains, as the size of the grains 
in the specimens used amounted to 3-4. 
Therefore the supposition of Gruzin and 

others seems more correct [5], considering 
that the high level of diffusional mobility at 
temperatures up to 1200° depends on the intra- 
granular surfaces arising during allotropic 
transformation, The appearance which takes 
place here is probably similar to that des- 
cribed in the work [10]. 

Because of the slight impurities in the 
zirconium, when cooling from the B-phase a 
needle-shaped structure of the martensite 
type is formed (as is shown in the work [11] 
an oxygen content of 0.07-0.10 per cent is 
sufficient to obtain the needle-shaped struc- 
ture). The presence of the needle-shaped 
structure in the specimens studied is show 
in Fig. 5. When a specimen which has a 
needle-shaped structure is heated to the tem- 
perature of the diffusional anneal, new sur- 
faces of division in the B-phase arise, with 
the breaking of the correct periodicity of 
the structure of crystals of B-zirconium 
crystals, which leads to a rise in the dif- 
fusion coefficient. Only at temperatures 
higher than 1100° is the breaking up of the 
structure eliminated, caused by the phase 
transformation. 

In the work the effect of the addition of 
tin on the parameters of self-diffusion of 
zirconium is studied. 


TABLE 2 


Addition Sn, % | em?/sec"! | Q, cal/g-atom 


o’ 


1.30 5.0 62000 
2. 39 2.1 x 103 75,000 
3.54 10 64000 


The graph of the dependence of the diffusion 
coefficient of zirconium on the temperature 
in the alloys studied is shown in Fig. 6. 
The parameters of the diffusion of zirconium 
are presented in Table 2. 

The data of Table 2 show that the addition 
of tin up to 2.4 per cent causes a rise in 
the activation energy, reaching a value of 
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75,000 cal/g-atom with a content of 2.39 per 
cent of tin, With a tin content of 3.54 per 
cent the value of the activation energy 
decreases, though it exceeds in size the 
value of .the activation energy of pure zir- 
conium, 


Fig. 5. The microstructure of a specimen of 
zirconium after tempering at 1500° for 1 hr, 


speed of cooling 100°/min; «x 200. 

~ 
5.50% 5a 

10> 


/ 


Fig. 6. The temperature dependence of the dif- 
fusion coefficient in alloys of zirconium with 
tin. 


The dependence of the values of Q and log 
D, on the tin content are show in Figs. 7 
and 8. In Fig. 9 is shown the dependence of 
log D, on the activation energy. 

From the figure it is seen that the experi- 
mental points lie satisfactorily on a 
straight line, The equation of this straight 
line has the form 


logD,=aQ-6 
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a=1,94 x 1071g-at/cal-!, 
b=11.4 g-at/cal~}, 


S 


Q, kcal /g-atom 


D 
S 


Content Sn, welght % 


Fig. 7. The dependence of the activation energy 
on the content of tin 
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Content Sn, welght % 


Fig. 8. 
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Fig. 9. The dependence of logD, on the activation 


energy. 
CONCLUSIONS 


1. The equation of the temperature depen- 


The dependence of logD,, on the tin content. 


dence of the self-diffusion coefficient in 
zirconium has the form: 


D=5,9x% 10-2- exp cm*/sec ( B -phase) 


D=2,4x exp (— em?/sec (B -phase) 


2. In the temperature interval 900-1100° 
there is prevalent boundary diffusion, The 
ratio of the coefficient of boundary and 
volume diffusion at 918° equals 2 x 105, 

3. Data are obtained on the effect of tin 
on the parameters of self-diffusion in a- 
zirconium, The addition of tin up to 3.5 
weight per cent raises the activation energy 
in the temperature interval 740-827°. Also, 
the greatest value of activation energy 
(75,000 cal/g-atom) is obtained for an alloy 
containing 2.39 per cent Sn, 

4. A comparison of the values of logD, and 
the corresponding values of activation energy 
shows that logD , depends linearly on Q. The 
equation representing this dependence has the 
form: 


log Dy=1,94 x 10-4* Q—11,4. 


Translated by Coleman 
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THE EFFECT OF HYDROGEN ON ALLOY VT-8 WITH INCREASED 
CREEP STRESS* 
I.I. KORNILOV, C.G. GLAZUNOV and A.M. YAKIMOV 
(Received 21 June 1958) 


In the present work the effect of different contents of hydrogen and 
oxygen on the structure and mechanical properties of the alloy VT-8 of 


system Ti-Al-Mo is studied. 


In the study of titanium and its alloys in 
recent times a great deal of attention has 
been divided to the question of the effect of 
hydrogen on the structure and properties of 
titanium It is known that titanium with a 
low content of oxygen stands up well to pro- 
longed loads, and the metal with a higher 
content of hydrogen is subject, in these con- 
ditions, to sudden, brittle disintegration, 
Hydrogen can contaminate titanium at all 
stages of the technological process of the 
preparation of manufactured articles, begin- 
ning with the preparation of the sponge, 
right up to obtaining the finished article, 
At the present time a series of measures has 
been developed to enable us to obtain a metal 
with a decreased hydrogen content, namely: 
the use of vacuum melts, the improvement of 
pickling baths and the use of an oxidizing 
atmosphere for heating the articles when 
forging and rolling, 

It has been established by many investiga- 
tions that the cause of the embrittlement of 
technical titanium and alloys with a-struc- 
ture is the precipitation of a hydride phase 
[1-3]. The mechanism of the embrittlement of 
alloys with the two phase structure a + B has 
remained unclear until the present time, as 
the hydride phase has not been observed in 
this category of alloys [4-7]. In the work 
[8, 9] on the study of the effect of hydrogen 
on the structure and properties of alloys of 
the system Ti-Al-Cr and Ti-Al-Cr-Mo it is 
shown that the mechanism of hydrogen embrit- 
tlement is different for the various alloys 
and, in the main, depends on the chemical 


* Fiz. metal. metalloved. 8, No.3, 370-377, 1959. 


composition of the alloy and the content of 
hydrogen. Thus, for example, in the alloy 
VI-3 of the system Ti-Al-Cr, the presence of 
hydrogen within the limits 0.015-0.035 per 
cent hastens the eutectoid disintegration of 
the residual B-phase with the formation of 
intermetallic TiCr,. With a higher hydrogen 
content (0.05 per cent and higher) the 
residual B-phase is stabilized at room tem- 
perature, but in the process of subsequent 
ageing at 400 and 450° for 100 hr it suffers 
disintegration with tne formation of titanium 
hydride. In the alloy VTZ-1 of the system 
Ti-Al-Cr-Mo with a hydrogen content within 
the limits 0.005-0.12 per cent no disintegra- 
tion of the residual B-phase was observed. 
Thus, from these two examples, it is seen 
that the character of hydrogen embritt]ement 
changed in relation to the hydrogen content 
and the composition of the alloys. 

The present work is a continuation of the 
work on the study of the effect of hydrogen 
on the properties of the industrial alloys of 
titanium with the structure a+ B. 

The aim of the present investigation is to 
study the effect of various hydrogen contents 
on the properties of alloy VT-8 with increased 
creep stress (deforming not more than 0,2 per 
cent in 100 hr with a stress of 24 kg/mm? at 
a temperature of 500°). 

The following melts of alloy VT-8 were 
studied: 

1. Melt 7: 6.3% Al; 2.9% Mo; 0.12% Fe; 
0.08% Si; 0.1% 0,, with hydrogen contents of 
0.005; 0.015; 0.025; 0.05 and 0.08 per cent. 

2. Melt 8: 6.3% Al; 3.25% Mo; 0.20% Fe; 
0.07% Si; 0.2% 0,, with hydrogen contents of 


47 
VOL. 
8 
1959 


48 The effect of hydrogen on alloy VT-8 


0.015; 0.05 and 0.08 per 


0.005; 0. 025; 
cent, 

3. Melt 10-1; 6.6% Al; 3.0% Mo; 0.05% Fe; 
0.04% Si; 0.1% 0,, with hydrogen contents of 
0.005; 0.015; 0.025 per cent. 

4. Melt 10-3; 6.6% Al; 3.0% Mo; 0.05% Fe; 
0.04% Si; 0.3% 0,, with hydrogen contents of 
0.005; 0.015; 0.025 per cent, 

The saturation of the alloys with hydrogen 
took place in a specially constructed univer- 
sal installation for saturating metals with 
gases and the analysis of hydrogen, The 
purest hydrogen was obtained by the thermal 
dissociation of titanium hydride, The 
temperature of saturation is 700°. 

The melts of alloy VT-8 with various oxygen 
contents were obtained by alloying titanium 
dioxide, An identical] initial structure of 
the specimens after hydrogenation was guaran- 
teed by the subsequent thermal treatment, 
carried out in electric furnaces with a 
atmosphere of air. 

The thermal treatment of alloy VT-8 consis- 
ted of annealing at 880° for one hour and 
subsequent cooling in air, 

The study of the mechanical properties was 
carried out on specimens of Gagarin type with 
a rate of extension of 2.5 mm/min (Fig. 1). 
The properties of the specimens were studied 
in the initial (880°-1 hr) state, after 
ageing the prepared specimens at 500° for 
100 hr and after ageing the specimens under a 
stress of o = 10 kg/mm? at 500° for 100 hr. 
The yield strength increased after ageing 
from 112 to 125 kg/mm? and changed little with 
an increase in the hydrogen content. 

The characteristics of ductility, especi- 
ally the amount of reduction in area, decrease 
markedly with an increase in the hydrogen 
content up to 0,015 per cent in the initial 
state. With a further increase in the 
hydrogen content up to 0.025 per cent, the 
ductility once again increases, After ageing 
a smooth decrease in ductility was observed 
with the increase in the hydrogen content, 
The effect of the speed of testing during 
extension on the mechanical properties of 
alloy VI-8 with a varying hydrogen content 
was also studied. Earlier we were shown the 
powerful effect of the speed of testing on 
the mechanical properties of titanium alloys, 
A test of alloy VT-8 was carried out with a 
hydrogen content of 0.005 to 0.05 per cent at 


three speeds of extension: 0.017; 11.3 and 
48.2 mm/min both in the initial state and 
after ageing the prepared specimens at 500° 
for 100 hr (Fig. 2). 

From Fig,2 it is seen that the yield 
strength at extension speeds of 0.17 and 
11.3 mm/min practically did not change, 
an increase in the speed of the test to 
48.2 mm/min the yield strength increased from 
109 to 117 kg/mm?, A significant increase in 
the yield strength after ageing was noted (up 
to 122 kg/mm?), In the studied range of con- 
centration, hydrogen does not have any effect 
on the yield strength, either in the initial 
state or after ageing, The speed of the test 
has a strong effect on the characteristics of 
ductility, The minimum amount of reduction 
in area is independent of the hydrogen con- 
tent both in the initial state and also after 
ageing; it is observed at testing rate of 
0.17 mm/min, 

At testing speeds of 0.17 and 11.3 mm/min 8 
the: minimum ductility in the initial state is 
observed with a hydrogen content of 0.015 per 
cent. After ageing a sharp decrease in the 
amount of reduction in area is observed with 
a hydrogen content of 0.05 per cent (p= 
= 15.4 per cent) and tests with a speed of 
0.17 mm/min, 

The effect of hydrogen within the limits 
0.005 to 0.08 per cent on the impact property 
of alloy VT-8 was also studied at room and 
low (-78°-196°) temperatures (Fig. 3). At 
al] the investigated temperatures the impact 
property decreased markedly with an increase 
in the hydrogen content up to 0.025 per cent 
and then changes little up to 0.08 per cent 
of hydrogen. At a temperature of -196° a 
sharp fall in impact property is observed in 
all the studied interval of hydrogen concen- 
tration (2.4 instead of 4.7 kg/mm? at roam 
temperature), Articles manufactured from 
alloy VT-8 can be reliably used at tempera- 
tures as low as -78°. 

Thus, the temperature of the experiment has 
a significantly greater effect on the impact 
property of the alloy than the change in the 
hydrogen content, 

A metallographic study of alloy VT-8 with 
a varying hydrogen content was carried out, 
At room temperature the alloy has a two-phase 
structure a+. The effect of hydrogen on 
the structure of alloy VT-8 consists of the 


With 
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enlargement of the structural components with 
the increase in the hydrogen content (Figs. 4 
and 5) and also, apparently, an increase in 


the quantity of untransformed B-phase and its 


stabilization. 


COL DOK 0.020 0.025 
Content of hydrogen, weight % 


Fig. 1. The dependence of the mechanical proper- 
ties of alloy VT-8 on the hydrogen content. 


20 
0/7 48,2 


Speed of expansion mm/min 
The dependence of the mechanical proper- 


Fig. 2. 


ties of alloy VT-8 on the hydrogen content and the 


speed of test. Solid line-annealing at 880° for 
1 hr. Broken line-annealing at 880° for 1 hr and 
at 500° for 100 hr. 


The study of the combined effects of hydro- 
gen and oxygen on the mechanical properties 
of alloy VT-8 also presented great interest. 
From published data it is known that in the 
presence of an increased quantity of oxygen 
hydrogen has a significantly stronger embrit- 
tling effect on the properties of titanium 
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and its alloys. This is connected primarily 
with the fact that interstitial elements (for 
example nitrogen and oxygen) significantly 

lower the solubility of hydrogen in titanium. 


— 


-196 
° 


Temperature of test, ‘ 


Fig. 3. The relation of the impact resistance of 
alloy VT-8 to the hydrogen content and the tem- 
perature of the experiment. 


Fig. 4. Alloy VT-8, containing 0.005% hydrogen; 


x 500. 


Fig. 5. Alloy VT-8, containing 0.08% hydrogen; 


x 500. 


In Figs. 6 and 7 are shown the results of 
the experiment on the tensile properties of 
two melts of alloy VI-8, containing 0.1 and 
0.3 per cent of oxygen respectively, in 
relation to the hydrogen content, Specimens 
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were tested in the initial state, after ageing 
at 500° for 100 hr and after ageing under a 
stress of 10 kg/mm? for the same time and at 
the same temperature, From the comparison of 
these two graphs it is seen that hydrogen has 
a significantly greater effect on the proper- 
ties of the alloy VT-8 with the higher oxygen 
content. 


Q005 COL 202 2025 
Content of hydrogen ¢ 


Fig. 6. The relation of the mechanical properties 
of alloy VT-8 to the hydrogen content with an 
oxygen content of 0.1%. 


0,005 G01 0,015 O02? 0025 
Content of hydrogen % 


Fig. 7. The relation of the mechanical properties 
of alloy VT-8 to the hydrogen content with an 
oxygen content of 0. 3%. 


In the alloy with an oxygen content of 
0.1 per cent the effect of hydrogen within the 
limits 0.005 to 0.025 per cent on the yield 


strength is insignificant, both in the initial 
state and after ageing. The characteristics 
of ductility for this alloy are sufficiently 
high. The elongative is of the order of 
10-15 per cent and the amount of reduction in 
area is 37-52 per cent. 

However, the picture changes sharply with 
an increase in the oxygen content in the alloy 
to 0.3 per cent. If, in the initial state, 
with a content of hydrogen of 0.005 per cent 
and oxygen of 0.3 per cent, the ductility is 
sufficiently high (§ = 12 and w= 43 per 
cent), then after ageing it is sharply 
lowered, With an increase in the hydrogen 
content to 0.015 per cent and higher and an 
oxygen content of 0.3 per cent the ductility 
falls catastrophically, Thus, oxygen signifi- 
cantly reduces the thermal stability of alloy 
VI-8. 

The reason for the great embrittlement of 
the alloy with 0.3 per cent of oxygen is seen 
by the detailed study of the microstructure 
of these two alloys. In Figs. 8 and 9 are 
shown the photomicrographs of two alloys of 
VT-8 with a content of 0.1 and 0.3 per cent 
of oxygen and various hydrogen contents, 

From the photomicrographs shown it is seen 
that in an alloy with 0.1 per cent of oxygen 
the structure hardly changes with a change in 
the hydrogen content from 0.005 to 0.025 per 
cent, 

In an alloy with 0.3 per cent of oxygen the 
structure remains heterogeneous with the 
increase in the hydrogen content, In the 
structure is observed a large quantity of 
untransformed a-phase on the borders of the 
grains and its coagulation in the ageing 
process, which leads to a sharp brittleness 
of the alloy. 

In the work a study was carried out on the 
effect of hydrogen on the creep of alloy 
VI-8. Two melts of alloy VT-8 were studied 
with a content of 0.1 and 0,2 per cent of 
oxygen and 0.005; 0.015 and 0.025 per cent 
of hydrogen at 500° for 100 hr and at a stress 
of 10 kg/mm?, An increase in residual defor- 
mation was noted with the increase in the 
hydrogen content from 0.005 to 0.025 per cent 
(Table 1). 


With the increase in the oxygen content the 


absolute values of residual deformation 
decrease. With the aim of defining more 


accurately the effect of oxygen on the amannt 
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TABLE 1 


The relation of residual deformation to the content of 
oxygen and hydrogen in the alloy 


Content of oxygen in /Content of hydrogen : Amount of residual 


the alloy % 


the alloy % 


deformation % 


0.005 0.112 
0.015 0.120 
0.025 0.197 


0.005 0. 080 


0.2 0.015 0. 100 


0.025 0.100 


Note: In the table are shown the average values from the results 
of the test of three specimens per point. 


of residual deformation of alloy VI-8, 
additional tests were carried out with speci- 
mens of two melts with a content of 0.1 and 
0.3 per cent of oxygen and 0.025 per cent of 
hydrogen at 500° for 25 hr and at a stress of 
50.0 kg/mm2, The results obtained showed that 
in an alloy with 0.1 per cent of oxygen the 
amount of residual deformation equals 1.75 and 
1.84 per cent for 25 hr, and in am alloy with 
0.3 per cent of oxygen-0.76 and 0.78 per cent. 
Thus, the increase in the oxygen content con- 
tributes to a rise in the creep resistance 


of this alloy, 

Together with the study of the mechanical 
properties and microstructure a test was 
carried out on the phase composition* of 
alloy VT-8 with various hydrogen contents, 
The presence of residual B-phase, explained 
by the presence of molybdenum and hydrogen in 
the alloy, did not give rise to doubt. How- 
ever, it is extremely difficult to identify 
it by metallographical investigation, It was 
necessary to explain whether the residual 
B-phase was stable and under what conditions 


TABLE 2 


The effect of hydrogen on the residual B -phase in alloy VI.8 
with various thermic treatment, 


Thermal treatment 


Content of hydrogen, | Parameter of the unit 
weight % cellof the beta-phase 


880°=1 hr. 0.005 
880° ~1 hr. -500°—100 hr. 0.005 
880° hr. 0.015 
880° ~1 hr. -500°~100 hr. 0.015 
880° =1 hr. 0.025 
880° -1 hr. -500°-100 hr. 0.025 
880°—1 hr. 0. 080 
880°~1 hr. -500°~100 hr. 0.080 


244 


260 


Note: The phase composition of the deposit -B. 


* Work carried out jointly by N.I. Blok, A.I. Hlazova and N.F. Lashko. 
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its disintegration was observed. With the 
aid of the electrolytic method of the separa- 
tion of phases in titanium alloys it is 
possible to isolate the B-phase from the 
basic hard solution and then subject it to 
X-ray analysis. The results of the phase 
analysis of the anode precipitations formed 
from alloy VT-8 are presented in Table 2 

The presence of residual B-phase in the 
the structure of alloy VI-8 with a content of 
hydrogen within the limits 0.005-0.08 per 
cent was confirmed by the phase analysis, 
From the data presented it is sem that with 


Alloy VT-8, containing 0.1% oxygen and 
a — 0.005%; b-0. 015%; 


Fig. 8. 
various hydrogen contents: 


c-0. 025%. 


a low hydrogen content (0.005 and 0.015 per 
cent) the residual B-phase in the initial 
state is less stable than with a greater 
hydrogen content. In the process of the sub- 
sequent ageing at 500° for 100 hr the para- 
meter of the unit cell of the B-phase 
sharply decreases, especially with 0.015 per 
cent hydrogen, which indicates the re- 
distribution of molybdenum between the a- 
and B -phases of the alloy. 

With the increase in the hydrogen content 
in the alloy the residual B-phase stabilizes 
during the ageing process. Thus, the decrease 


Alloy VT-8, containing 0.3% oxygen and 
a-0.005%; b-0.015%; 


Fig. 9. 
various hydrogen contents: 


c-0. 025%. 
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in the ductility of alloy VT-8 with a 
hydrogen content of 0.015 per cent is con- 
nected with the disintegration of the unstable 
B-phase and the re-distribution of molyb- 
denum between the a- and B-phases, The 
decrease in the ductility after ageing in the 
alloy with a high hydrogen content is 
apparently connected with the residual B- 
phase being made brittle by the hydrogen. 
From Table 2 it is also seem that with the 
increase in the hydrogen content in alloy 
VT-8 the parameter of the unit cell of the 
B-phase increases, No other phases were 
observed in alloy VT-8 in the interval of 
hydrogen concentrations 0.005-0.08 per cent, 


CONCLUSIONS 


1. The study of the effect of hydrogen 
within the limits 0.005-0.05 per cent on the 
mechanical properties of alloy VT-8 showed 
that with a hydrogen content of 0.015 per 
cent a marked decrease in the ductility 
characteristics is observed, which is con- 
nected with the presence of unstable B-phase 


in the structure and its disintegration. 

2. The effect of hydrogen (0.005-0.05 per 
cent) on the tensile properties of alloy VT-8 
at different speeds was studied, 

At low testing speeds the ductility of 
alloy VT-8 decreases significantly, especially 
with an increase in the hydrogen content, 

The yield strength of alloy VT-8 rises from 
109 to 117 kg/mm? with an increase in the 
testing speed from 0.17 to 48.2 mm/min res- 
pectively (with an hydrogen content of 0.005 
per cent). 

3. The impact resistance of alloy VT-8 at 
room and low temperatures (-78° and - 196°) 
changes comparatively little with the hydrogen 
content within the limits 0.005 to 0.08 per 
cent. The temperature of the test has a much 
greater effect than the hydrogen content 
within limits up to 0.08 per cent. 


4. With higher quantities of oxygen the 
hydrogen has a much greater negative effect 
on the properties of alloy VT-8, 

5. The effect of hydrogen on the creep of 
alloy VT-8 at 500° for 100 hr was studied, 
With the increase in the hydrogen content the 
amount of residual deformation grows. Oxygen 
increases the creep resistance of alloy VT-8. 

6. The phase analysis of alloy VT-8 with 
various hydrogen contents confirmed the 
presence in the structure of residual B- 
phase, 

At low hydrogen contents (up to 0.015 per 
cent) the residual B-phase is unstable, and 
in the process of ageing re-distribution of 
molybdenum comes between the a- and B- 
phases. With an increase in the hydrogen 
content the stabilization of the residual 
B-phase and an increase in the parameter of 
its unit cell is observed, 


Translated by RJ. Coleman 
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THE STUDY OF ALUMINIUM ALLOYS OF THE Al-Cu-Mg SYSTEM 
IN SAMPLES OF VARIABLE COMPOSITION* 
L.S. PALATNIK, G.B. FEDOROV and H.T. GLADKIKH 
(Received 28 June 1958) 


The results of the study of microhardness and X-ray phase analysis are 

reported for alloys from the aluminium corner of the Al-Cu-Mg system 

having a copper and magnesium content from 0.5 per cent to 5.0 per cent. 
It is shown that under certain conditions alloys are formed which are 


not in the equilibrium state. 


The equilibrium could be obtained by 


annealing of samples or by condensation of metals on a hot support. 


Alloys from the aluminium corner of the 
Al-Cu-Mg system have been investigated by 
many authors [1-7]. The phase diagram of 


this system has been studied by Urazov, Petrov 
and Berg [4-5] and according to their data, 

aluminium solid solutions can be in equilibrium 
with the phases @ (CuAl,), S(Al,CuMg), 


T(Al ,CuMg,), Z(Al,Me.). 

It seemed reasonable to us to carry out 
several investigations of alloys from the 
aluminium corner of the Al-Cu-Mg system on 
samples of variable composition, using 
Vekshianskii [8] method and to compare the 
results obtained with those given in the 
literature, 

Simultaneously a method related to the 
specific preparation and study of compara- 
tively thick (massive) samples of variable 
composition of the given system was developed. 


METHODS OF PREPARING AND STUDY OF 
SAMPLES VARYING IN COMPOSITION 


(a) Sample preparation. The samples varying 
in composition were prepared in a vacuum by 
simultaneous evaporation and condensation of 
components from three cylindrical evaporators 
[9-10], placed at a distance of 70 mm from 
the collector in apices of equilateral 
triangles circumscribed by a circle of 60 mm 
diameter. 


* Fiz. metal. metalloved. 8, No.3, 378-386, 1959. 


The evaporation conditions for the collector 
were chosen so that the total of CuMg concen- 
trations were within a range of 0.5-16.0 per 
cent. 

The distribution functions under these 
evaporation conditions were determined photo- 
metrically [11] for each of the metals, on 
the basis of which the calculation of con- 
centrations were carried out by a graphic 
method [12]. 

Steel and polished aluminium disks of 
140 mm diameter were used as collectors, 

(6) Condensation on the steel collector. 

After obtaining the necessary vacuum 
(~ 1075 mm Hg) for the removal of absorbed 
gases, the collector was heated to about 
100°C, then cooled down by running water and 
a layer of condensation was formed, It was 
observed that during condensation of the 
system on the polished steel collector which 
had been previously cleaned with hot alkali, 
disruption occurred which was accompanied by 
detachment of the sample from its base, owing 
to internal stresses brought about during the 
condensation process, when the sample reached 
a certain thickness, 

When the collector was sufficiently pickled 
with concentrated nitric acid, one obtained 
samples in which the adhesion with the 
support was increased, (probably as a result 
of the development of a rought condensation 
surface) and was sufficient for measurement 
of microhardness. However, the relatively 
uneven surface slowed down the measurement of 
microhardness. To eliminate this defect, 
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several experiments were carried out using, 
first, a polished collector and later, cor 
rosion resistant aluminium, 

(c) Condensation on aluminium collector. 
The base used was aluminium and this was 
chosen for the following reasons: a similar 
thermal expansion coefficient of aluminium 
and its condensate should provide smaller 
internal stress in the layer, while a thick 
aluminium oxide film, probably, should impede 
mutual diffusion between the condensate and 
the plate. As the aluminium oxide is firmly 
bonded with the metal, one might expect that 
the condensate layer will also by firmly 
bonded with the aluminium oxide, 

Good results were obtained by the following 
experimental conditions, The collector was 
heated in a vacuum up to 400°C and was kept 
at that temperature for about 15 min. Con- 
densation was carried out by holding the 
support first at 400°C for 5 min and after 
that at 50°C for 100-110 min, In this case 
the sample of 150-170, with mirror smooth 
surfaces and very firm bond with the plate, 
were used, 

(d) Methods of studying the samples. 
Samples of varying composition were studied by 
the microhardness and X-ray analysis, Micro- 
hardness was measured on the PMT-3 instrument 
by stresses of 20 g and 40 g weight. X-ray 


photographs were taken by radiation of a 
ferrous anode using an iron filament source 
and Shlif (Schliff) method in a chamber of 
85 mm diameter, 

The samples were subjected to annealing in 
a vacuum at various temperatures, 


THE RESULTS OF INVESTIGATIONS 


The samples, obtained by precipitation on 
the cold steel collector were examined by the 
microhardness method in the concentration 
range from 0.5-6.0% Mg and 0,5-6.0% Cu 
through 0, 3-1% Cu and Mg along the section, 
C 1 (Fig. 1), along which the copper and 

uminium concentrations ratio remained 
stable (0.005; 0.010; 0.015 etc.) Simul- 
taneously with the microhardness measurements, 
qualitative X-ray phase diagrams were made, 
Microhardness was measured two weeks after 
preparation of samples, 

Owing to the condensation on the cold 
support, the samples had very small size 
crystals (~1075cm), Therefore, in this 
case macrohardness and not microhardness were 
measured [13]. 

According to the measurement data, a 
diagram (Fig.1) of the microhardness of the 
aluminium alloys was constructed in which the 
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Fig. 1. The microhardness chart of aluminium alloys of the Al-Cu-Mg system 
(before annealing). 
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microhardness values are given in relative 
units = 38.9 ke/mm?), The micro- 
hardness diagram shows five lines, AB, BD, BH, 
AF, HK of maximum hardness, Between lines AF, 
BH and HK are lines of minimum microhardness, 
Besides showing maximum and minimum lines of 
microhardness there are separate lines for 
maximum microhardness at concentration of 
1.9% Cu and 1.0% Mg with Fre}. = 19.0 and 
minimum at concentrations of 1.6% Cu and 

0.5% Meg with #4). = 8.3. 

The high microhardness at concentrations of 
3.3% Cu, 2.4% Mg with # a 89 and 3.4% Cu, 
i, 3% Mg with #,, = 60 (Fig. 2 curve 1) was 
localized in a very narrow region of concen- 
trations, in which at maximum microhardness 
Mg and Cu form an alloy at stoichiometric 
ratio as 2:1 and 1:1 respectively. 

If one takes into consideration that great’ 
microhardness at these points disappears after 
annealing for 4 hr at 150°C (Fig.2 curve 2), 
one can assume formation of metastable inter- 
metallic compounds Al and Al which 
are responsible for great hardness of alloys, 

It was impossible to detect those compounds 
by X-ray, probably, because in alloys they 
are in a finely dispersed state and in small 
concentration, The phase diagram for alloys 
containing 3.3% Cu and 2.4% Mg, are shown in 
Table 1. Only very diffuse lines of a-solid 


solution (and iron base) are present in X-ray 
photographs, indicating the great dispersion 
of crystals (~ 1075cm) and presence of 
internal stresses, 


Heel. 


75 


0005 0013 0000 0030 0040 0050 0060 
Q010 0016 0075 


Fig. 2. Profile Cyy = 0.035: 1 — before annealing; 


2 — annealing 150°C (4 hr). 


After 4 hr of annealing at 150°C marked changes 
were observed in microhardness values within 
the region investigated, Splitting of the 
maxima line AD occurs, The maxima hardness 
disappears at concentrations 3.3% Cu, 2.4% Mg 
and 3.4% Cu, 1.3% Mg and on this basis one 


TABLE 1 


X-ray structure data for 3.3% Cu; 


2.4% Mg and 94. 3% Al alloy 


Before annealing 


Annealing 250°C 


Intensity of 
interference 
lines, [ 


Interplanar 
spacing 


d, A 


Interplanar Intensity of 
spacing interference 


lines, I 


-solid sol. 


a-solid sol. 
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2:38 Weak 33 Strong 
- - 28 Weak 
18 V. Weak S 
2.02 Weak a 02 Weak a 
2.01 Medium Fe base 01 Medium Fe base 
~ 98 Weak Ss 
1. 430 V. Weak a 430 Medium a 
1. 428 V. Weak Fe 428 V. Weak Fe 
1.219 V. V. Weak a 219 Medium a 
1. 168 Weak a 168 Medium a 
1. 166 Weak Fe 166 Weak Fe 
1.01 Weak a, Fe 01 Medium a, Fe 


can draw a conclusion about decomposition of 
the above metastable compounds Al 2cuMe, and 
Al ~CuMe. 

General reduction of microhardness and dis- 
placement of maxima towards Al-S phase and 
Al-T phase of the equilibrium diagram occurs 
after annealing at 200°C for 4 hr. The 
widths of lines for a-solid solution is 
reduced, which is obviously connected with a 
reduction of internal stresses and partial 
decomposition of the supersaturated solid 
solution, 
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Fig. 3. Profile CS = 0.015, annealing 250°C. 
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Fig. 4. Profile Cy = 0.025, annealing 250°C. 


hardness maxima (Figs. 3, 4 and 5) are dis- 
posed along lines Al in S-phase and Al in 
T-phase, whijie at the same time the micro- 
hardness increases faster along the line Al 
in S-phase than along the same line in the 
T-phase, 

X-ray diagrams show the phases to be in 
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After annealing at 250°C for 4 hr the micro- 


equilibrium within the studied region (3). 
The temperature of 250°C prove to be suf- 
ficient for greatly relieving the stresses. 
Some widening of lines of the a-solid solution 
appearing on the X-ray pictures, are probably 
due to small crystal dimensions. 

The microhardness distribution obtained at 
250°C remains stable even when the annealing 
temperature is raised to 400°C. 
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Fig. 5. Profile Cy = 0.050, annealing 250°C. 


On X-ray pictures, taken after annealing at 
300°C for 4 hr, the phase lines formed after 
annealing at 250°C become clearer, appearing 
to duplicate those of the @-phase. 
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Comparative microhardness curves on 
1. Data from literature (7); 


Fig. 6. 
profile Cu — Mg = 2%. 
2. Experimental data 


After annealing at 350°C and 400°C for 4 hr 
the X-ray pictures of samples varying in com- 
position do not differ from those obtained 
with massive samples of corresponding compo- 


sition. 
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An analysis of the data shows that the state balanced, When the annealing temperature is 
of the samples before annealing, is very un- increased-greater equilibrium is obtained in 
the samples, The appearance of lines of 
Hk g/mm? Heel maximum microhardness on the S- and T-phase 
200 ° 120 lines and the appearance on the X-ray picture 
\ 
e 


of lines of phases, known from the equilibrium 
diagram, allow us to assume that annealing at 
250°C puts the system into a state which is 
sufficiently close to equilibrium. 

It is essential to note that extremely high 
microhardness numbers are obtained in the 
above measurements, The data given in the 
literature (8), shows that the tensile 
strength of the condensed aluminium layer 
exceeds by 4-5 times the strength of rolled 
5 %Mg aluminium foil of the same thickness, 

Satisfactory qualitative agreement with 
Fig. 7. Comparative microhardness curves on some of the compared points and sections of 
profile Cu- Mg = 5%. 1- Data from literature experimental data from the literature 6-7 
2. Experimental data has been observed with regard to hardness 


TABLE 2 
X-ray data for alloys, condensed on the hot collector 200°C 


Composition of alloys 


6.9% Cu; 1.8% Me; 3% Al 1.9% Cu; 4% Mg; 93.6% Al 1.5% Cu; 15% Mg and 83.5% Al 


R I phase R I phase 


i phase 


Vv. weak 
Vv. weak T 

V. weak asolid sol. 
Medium 
Vv. weak 
Vv. weak 
Vv. weak 
Strong 
Medium 
Vv. weak 
Vv. weak 
strong 
Strong 
Medium 


V. strong a-solid sol, 
Medium 
Weak 
Strong 
Weak 

Vv. V. weak 
V. V. weak 
Strong 

Vv. V. weak 
Strong 


V. weak 
Medium (3) 

Vv. strong a-solidsol. 
Medium 
Weak 
Weak 
Medium 
Strong 
Weak 
Medium 
Medium 
V.V. weak 
V.V. weak 
Vv. weak 
V.V. weak 
strong 
V.V. weak 
Weak 

V.V. weak 
Weak 
Strong 
V. weak 
Weak 
Weak 
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of aluminium alloys after natural ageing 
(Figs. 6, 7). Our measurements show that two 
microhardness maxima occur in Al-S-phase at 
1.9% Cu, 1.0% Mg, and 3.4% Cu 1.3 to 1.6% Me. 
In paper [7] in the same diagram section 
are shown hardness maxima at concentrations of 
1.9% Cu, 1.1% Mg, and 3.42% Cu, 1.61% Meg. 
Satisfactory agreement is also observed with 
the data of some other authors [6]. 


X-RAY EXAMINATION OF SAMPLES, 
CONDENSED ON A HEATED ALUMINIUM BASE 


Temperature of base 200°C. Selective X-ray 
pictures were taken from portions differing 
in phase composition (Table 2). 

Only lines of phases known to be in the 
equilibrium diagram are seen on X-ray photo- 
graphs, They are sufficiently distinct and 
strong, though a little wider than those 
obtained with massive samples. The greatest 
widening of the lines are observed in T- and 
Z-phases when crystals diameters are ~ 1075cm, 
Temperature of base 400°C. X-ray pictures 
taken from various sections of the sample 
(Table 3) have a similar appearance to those 
of massive samples of corresponding compo- 
sition with course crystalline structures, 
though in the samples of variable composition 
larger crystals of 7T- and Z-phases are en- 
countered, Formation of a texture takes 
place in T- and Z-phases. 

It should bé noted that X-ray pictures show 
lines of all phases when Mg is present, (S, T 
and Z). At the same time, by evaporation of 
only Mg, it is difficult to provide the con- 
densation conditions even at room temperature, 
because of the very low critical condensation 
temperature of Mg(-195 <T,, <-90) [14]. 
This confirms Vekshinskii’s supposition that 
such metals as magnesium, cadmium and zinc are 
impurities, which prevent full condensation on 
the surface of other metals, 

The example (Tables 2, 3) show that devia- 
tions in phase composition from those of the 
equilibrium diagram is observed by condensa- 
tion on the base heated at 20°C and 400°C, 
Therefore, the phase equilibrium composition 
is practically immediately established during 
the preparation process of samples, 

The fact that condensation on a preheated 
base gives an equilibrium state at a lower 


temperature (200°C), than annealing does 
(250°C 4 hr), can be explained by a different 
mechanism of diffusion. The equilibrium 
state is obtained during the annealing 
process by means of the volume diffusion, 
which demands a high temperature for a long 
time. When condensation is carried out on 
the preheated base, equilibrium is established 
then, but at the expence of the surface 
diffusion, which progresses considerably 
faster than volume diffusion at the lower 
temperatures, 


CONCLUSIONS 


1. A method has been developed for the 
preparation of “massive” (about 0.15 mm thick- 
ness) samples varying in composition in the 
Al-Cu-Mg system, giving alloys within a wide 
range of conditions, varying from very 
unstable to very near equilibrium, 

2. The equilibrium state in the above alloys 
is reached either by annealing (about 250°C) 
by volume diffusion, or in the process of 
preparation — condensation on a hot base 
(about 200°C) by surface diffusion, The 
agreement of results obtained on these 
samples of variable composition with results 
on phase equilibrium and hardness for 
massive, samples of constant composition the 
literature has been established for several 
points and sections through the diagram, 

3. The microhardness diagrams for a section 

= 0.025; 0.035 have been constructed for 
13 aluminium corner of the three component 
system Sl-Qu-Mg after condensation and 
natural ageing and also after annealing at 
150- 200°C; after annealing at 250°C they 
were constructed for sections Cry = 0.015; 
0.025; 0.035; 0.050. 

4, Metastable compounds of type Al, Cum, 
and Al ,CuMe, have been found by the micro- 
hardness methods, and these cause the high 
hardness of condensed alloys, 


Translated by N.Peters 
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ELECTRON MICROSCOPIC INVESTIGATION OF ETCHING FIGURES IN 
AGED ALUMINIUM ALLOYS* 


N.N. BUINOV, T.V. SHCHEGOLEVA, V.G. RAKIN, 
M.F. KOMAROVA and R.R. ZAKHAROVA 


(Received 12th August 1958) 


The results of electron microscopic study of the dimensions, shape and 
structure of etching figures on ageing aluminium alloys are surveyed. 
The relationship between the dimensions and shape of etching figures and 
the thermal processing of alloys is shown. Reasons are given for 
assuming that etching figures are related to mosaic structure. 


1. In papers [1-5) it is suggested that 
etching figures on alloys Al-Cu, Al-Zn-Cu, 
and Al-Ag correspond to mosaic blocks, in 
that the strengthening of alloys during 
ageing is accompanied by disintegration of 
blocks and increased disorientation between 
them. However, so far, no convincing evi- 
dence has been obtained to show that etching 
figures correspond to mosaic blocks, although 
it was possible to show that in ageing alloys 
disintegration took place predominantly along 
their boundaries. 


Fig. 1. Alloy Al-Si (1.2% Si); tempered at 
530°C; x 15,750. 


The purpose of the present investigation 
was a further study of the connexion between 


* Fiz. metal. metalloved. 8, No.3, 387-399, 1959. 


etching figures and mosaic blocks, The 
details of etching figures structure were 
examined in the light of the latest published 
data, 

Data on the dimensions and shape of 
etching figures for various alloys are show 
in the table. The figure-size varies from 
several microns to a fraction of a micron, 
It is characteristic of the majority of 
tempered and weakly aged samples, that 
etching figures have a rectilinear shape 
(Fig.1), while those on strengthened samples 
are oval (Fig.2), The dimensions of the above 
decrease (while the hardness of the alloys 
increases) depending on the artificial 
ageing time, 

The etching figures of some alloys had 
spiral steps [4-5]. On this basis it was 
assumed that these are connected with the 
appearance of screw dislocations on the 
surface, 

As the height of the steps in the spiral, 
etching figures of aluminium alloys reached 
several hundreds of angstroms and even as 
much as 0.1 yw, this led to the hypothesis 
{4-5] that the etching figures are connected, 
not with simple but with gigantic screw dis- 
locations, which form groupings in the 
volumes corresponding to the above figures, 
Our observations and assumptions have con- 
tradicted the theory of dislocations [5] for 
the following reasons: 

1. The spiral axes are parallel to type 
(001), while screw dislocations (or better 
their Biugers vectors) in cubic face-centred 
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lattices should be parallel to dodecahedral 
directions, 


Alloy Al-Si (1.2% Si); ageing at 255°C; 


Fig. 3. Alloy Al-2m-Cu (10% Z and 0.5% Cu); 
deformed under pressure by 15% and aged at 180°C 
for 6 hr; x 21,000. 


2. The dislocations theory does not recog- 
nise the possible existence of gigantic 
dislocations in the metals. 

Spiral etching figures have already been 
observed by Ameliuckx and Votava [6] on NaCl 
after thermal etching. Spiral figures with 
steps of considerable height were obtained 
on germanium and silicon by Ellis [7], and on 
@-brass by Bassi and Fure [8]. Step-like 
etching figures were observed in many other 
investigations (See references in [6]). 

As a result of recent work on spiral etching 
figures on germanium, silicon and a-Brass 
(7,8) and helical dislocations in NaC] and 
CaF, [9-12], new interpretations of these 
figures have been put forward, Let us examine 
some of then, 

Lang [13] considers that spiral figures of 
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growth and etching can be explained as 
evidence of foliated growth and dissociation, 
without reference to the dislocations theory, 
In his opinion, foliated structures are 
formed under conditions in which tightly- 
packed atomic layers formasmall angle tothe 
crystal surface, and that growth or dissocia- 
tion takes place mainly by precipitation or 
removal of atoms from the side of the layers, 
Energy considerations suggest that sing]e-atom 
steps would not continue to exist, but would 
unite and form microscopically observable 
steps. Lang explains the appearance of 
spiral figures with a single-atom step as a 
result of “errors’’ in growth or dissocia- 
tion, while the appearance of spiral figures 
with microscopic steps is taken to be a result 
of the regular displacement of the centres of 
concentric single-atom layers, In the latter 
case a microscopic step consists of a number 
of single-atom steps. 

We disagree with Lang’s explanation because 
of the rigid conditions he attaches to the 
formation of spiral figures, conditions which 
might well be only rarely fulfilled and 
result in the formation of only a smal] 
number of etching figures, Lang’s supposition 
makes it impossible to explain the existence 
of spiral steps on three different sides of 
cubic etching figures (Fig.3). 

An explanation of the dislocation of spiral 
etching figures in Ge, Si and CaF, which is 
based on the observations of Boutinck, 
Ameliuckx and others [9-11] is given in 
papers [7-12]. The above authors noticed 
that some decorated dislocations in synthetic 
Fluoritecrystals and NaCl] have a helical 
shape, They are formed at high temperatures, 
when dislocations are capable of creeping as 
soon aS a vacancy occurs, Ameliuckx and 
others [12] consider that if such dislocations 
exist in Ge and Si and if the axis of the 
spiral forms only a smal] angle with normal 
to the etching surface, then in the process 
of etching the step of the figure will spread 
out in a circular fashion from the origin of 
the etching, In the cases where anisotropy 
in the etching rate is strongly expressed, 
multi-angular spiral etching figures are 
formed as a result of multi-angular helical 
dislocations (10), During study [9-11] of 
CaF and NaCl] crystals it was found that 
hel fcal dislocations, as a rule, have an axis 
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parallel to their Biurgers vector; the screw 
radius is approximately constant, whi]e- screw 
spacing can considerably exceed the Biurgers 
vector valve, Boutinck was able, using 
decoratiun as well as the etching method, to 
observe helical dislocations which develop in 
pairs out of one point and form angles close 
to 60 and 120° between one another. On the 
basis of the above observations it was estab- 
lished that the dislocation axes are parallel 
to type (110) directions, which is in agree- 
ment with the dislocations theory [14]. 

Weertman [15], has shown by theoretical 
calculations that the equilibrial form of a 
dislocation line should be helical. If the 
helical dislocation contains many coils, 
then its axis should be practically parallel 
to the Biurgers vector. In addition to this, 
pure screw dislocations can spontaneously 
take helical shape from many coils at great 
stresses, Prismatic and helical dislocations, 
caused by stresses, were observed by Johnson 
and Mitchel] in the crystals of silver 
chloride [16] by introducing into them 
spherical glass impurities. On cooling to 
to room temperature from 370°C, the stresses 
created near the spherical particles due to 
the different expansion coefficients of glass 
and silver chloride, caused the formation of 
helical and prismatic dislocations, 

2. Spiral etching figures on our alloys, 
i.e. Al-Zn.Cu, were observed both in the cast 
state (after cooling in air), and also after 
homogenization and slow cooling in an oven, 
followed by prolonged ageing at 150°C to 
200°C. If these figures actually correspond 
to helical dislocations, the latter could 
have developed at high temperature, when 
dislocation creep and the condensation of 
vacancies on them is possible, Cottrell 
atmospheres and G,.P. zones strengthen these 
dislocations and in doing so create favour- 
able conditions for their development, 

The helical dislocations in the alloys 
could have formed on account of the stresses 
that always exist in ageing alloys which are 
in the saturated non-equilibral solid solu- 
tion state, Therefore, conditions for the 
development of helical dislocations are 
present in the alloys studied. 

The spiral character of the etching figures 
is better detected when one of the alloy 
components is present in small quantity, 


i,e, in the alloy Al-™ when 0.5% Cu is 
present, in the non-ageing aluminium alloys 
with 0. 25% and 0.50% Cu, and in some indus- 
trial aluminium alloys when small additions 
of alloy components are made (see Table). 
Under these circumstances there is a great 
probability of the formation of helical 
dislocations at high temperature. 


Fig. 4. Alloy Al-Cu4%Cu); Ageing at 220°C 5 min; 


x 21,000. 


Helical dislocations can explain the exis- 
tence of a large step in spiral etching 
figures (it’s height is determined by the 
spiral spacing) and make it easier to under- 
stand the formation of a GP. zone or phase 
separation nucleus on steps which corres- 
pond to individual dislocation sections, 
However, there are factors which either con- 
tradict the supposition of a connexion between 
etching figures and helical dislocations, or 
support the existence of a link between 
etching figures and large screw dislocations, 
Direct observations have shown that the 
helical dislocations in NaC] and CaF, have an 
approximately constant coil radius. No 
conical helical dislocations with a sharply 
varying coil radius (as in the case of the 
spirals in the aluminium alloys) were obser- 
ved. Moreover, it has not yet been proved 
that spiral etching figures with large steps 
on NaCl and CaF’, correspond to helical dis- 
locations, The radius of the helical dis- 
locations in these crystals is constant, 
while the spiral radius in the figures varies 
sharply. Tentative attempts only have been 
made to explain spiral etching figures in 
various materials by the existence of helical 
dislocations, 

No interrupted or dotted spirals were found 
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on the alloys, as one might expect if they 
are in fact related to helical dislocations, 
because the coils of the latter are formed of 
alternate screw and edge parts, and should 
have been differently etched. The presence 
of craters at the apexes of the octahedra in 
Al-Cu type (Fig.4) alloys tends to confirm the 
existence of large screw dislocations, and 
not helical ones, The stability of spiral 
etching figures in relation to deformation 
and therma] treatment also indicates their 
connexion with large screw dislocations. The 
above material does not give sufficient 
grounds for a definitive answer to the 
question: are etching figures connected with 
helical or with large screw dislocations? 

3. The formation of spiral etching figures, 
the axes of which are parallel to the cube 
directions and which have large steps, can be 
explained on the basis of a special feature 
of the octahedral etching figures on Al-Cu 
alloys, which is that the ribs of the octa- 
hedral etching figures as a rule are poor in 
G.P. zones (See Fig. 4). These ribs are 
parallel to (011) type directions and the 
cube planes pass through tem, From this one 
can conclude that the planes, or rather the 
regions that are parallel to them, 0.1-0. 2 
in width, in which for some reason G.P. zone 
formation is impeded, are characteristic. In 
view of the fact that in the etching of 
aluminium and aluminium alloys with small 
copper addition (0, 25% and 0.50%) cupe- shaped 
etching figures are formed, one might take 
the impoverished regions which are parallel to 
the (001) planes as a boundary of the initial 
mosaic blocks formed by the hardening of the 
alloys. The appearance on cooling of great 
distortions in atom positions at the boun- 
daries of the blocks and at points of contact 
in particular, is possibly similar to that 
which should be observed near screw disloca- 
tions, These points can serve as centres of 
formation of new recrystallized blocks at 
high temperature. The arrangement of the 
initial blocks is shown in Fig. 5 (the pos- 
sible axis of formation of new blocks shown 
by arrows). An analogous diagram in which 
not blocks but individual atoms are cubically 
shown is ordinarily used to demonstrate the 
development of screw dislocations (14). 

Cubic spiral etching figures in such alloys 
as Al-2-Cu and Al-Cu (with small copper 


additions) are apparently formed according to 
the above scheme, Yet, even here it is not 
clear whether these figures are related to 
large screw dislocations or helical dislo- 
cations developing from single screw disloca- 
tions by vacancy condensation on them, since 
according to the diagram mentioned above the 
appearance of single screw dislocations which 
are parallel] to the cube axes, is possible. 
Similar difficulty is experienced regarding 
octahedral etching figures. The presence of 
craters on them might indicate a possible 
connexion with large screw dislocations, 


Fig. 5. Diagram of arrangement of initial mosaic 
blocks in a crystalizing alloy. The possible 
axes of newly formed blocks are indicated by 
arrows. 


It is still not clear why old boundaries 
are poor in GP. zones, while on the octahe- 
dral boundaries of etching figures they are 
present in great numbers, It is possible 
that displacements along plane (111) lead to 
a considerable reduction of elasticity 
stresses along the octahedral borders. Dis- 
placements along old boundaries which are 
parallel to (001) are impeded and serve as 
points of local elastic deformation. Accord- 
ing to Koval’ skii and Umanskii [17], elastic 
strains can inhibit dissociation in solid 
solutions, 

Irrespective of whether the etching figures 
are connected with large screw or with heli- 
ca] dislocations, the figures correspond to 
mosaic blocks for following reasons, 

If the initial premise is right, then the 
dislocation theory [14] gives a stress value 
(in the case of an elastic isotropic medium) 
in the direction of the displacement for 
helical dislocations as 


g 
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where G = displacement modulus, 6 = Biurgers 
vector, r = the distance from the dislocation 
axis, 

For ageing alloys on an aluminium base 
G = 2700 kg/mm2, For Al-Zn-Cu alloy 6 = 
= 2 x 1075mm (200A) and r= 1073mm, For 
o,,~ 9 kg/mm?, a value which is close to the 
elastic limit of duraluminium, If we con- 
sider that each etching figure is connected 
with several dislocations, then the volume 
corresponding to it could be easily dis- 
orientated in relation to the matrix by such 
stresses, and therefore it can be regarded 
as a mosaic block, In the case of etching 
figures having a connexion with helical dis- 
locations, they also correspond to mosaic 
blocks, because on the boundaries of the 
etching figures in alloys such as Al-2™m-Cu 
there are sufficiently closely disposed steps, 
which correspond to the separate links of 
the helical and prismatic dislocations, The 
combinations of such dislocation links form 
the boundaries of the mosaic blocks, 

Both the gigantic screw and the helical 
dislocations have very little mobility. The 
former due to the great value of the Biurgers 
vector, the latter due to the formation 
around them of Cottrell atmospheres, G.P. 
zones and the nucleus of the separation phase, 
The greatly reduced mobility of the dislo- 
cations is also due to the fact that their 
axes are parallel to type (001) directions, 
Compactness of these dislocations should give 
alloys great strength, The strength and heat- 
resisting properties of Al-Cu could probably 
be explained by the great compactness of one 
of these types of dislocation. The study of 
the above of this type of mosaic in the 
strengthening of alloys confirms the depen- 
dence of hardness on the dimensions and shape 
of the etching figures, 


CONCLUSIONS 


1. The shape and dimensions of the etching 
figures on aluminium alloys vary according to 
the duration and temperature of ageing. 

2. The connexion of etching figures with 
large screw or helical dislocations makes 
possible the suggestion that they correspond 
to mosaic blocks, 


Translated by Peters 
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HOMOGENEOUS AGEING OF UNSATURATED SCLID SOLUTIONS* 
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Nuclear Physics Institute of the Academy of Sciences of the 
Kazakhstan S.S.R. 


(Received 27 November 1958) 


MATERIAL AND METHOD OF INVESTIGATION 


Specimens were examined of the following 
simple brasses corresponding in composition 
to the brands L95, L90, L85, L80, L75, L70, 
L65, L60 and of aluminium bronzes of brands 
Br. Al, A2, A3, A4, A5, A6, AT, A8, AQ, Al0. 
All these alloys were prepared from brand MO 
copper, AOO aluminium and brand TsV zinc, 

The alloys were prepared for X-ray analysis 
as follows: Cast billets of 18 mm diameter 
and 120 mm length were forged (beginning the 
forging at about 800°) to a degree of defor- 
mation of the order of 30 per cent, Cylin- 
drical ‘‘vessels” were out from the forged 
billets with a thickness at the bottom of 
1.5-2 mm, their end surface (to be used for 
X-ray photographing) was ground and polished; 
then the specimens were annealed for six hr in 
air at 800°. After annealing the working 
surface was again ground, polished and etched 
in nitric acid to remove the deformed layer, 

X-ray photographs were made with copper K a 
radiation. The diffraction spots from the 
planes (420) and (331) were obtained after an 
exposure of 45 min, The specimens remained 
in the electric furnace during the exposure, 
The temperatures of the specimens were 20, 
100, 200, 250, 300, 350, 400, 450 and 500° 
and were controlled with an accuracy of + 
10- 20°. 


EXPERIMENTAL DATA 


Leaving aside the quantitative differences 
caused by the change in the composition of 
the alloys and the temperature of the inves- 
tigation, the majority of the X-ray photo- 
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graphs reveal qualitatively the same picture 
characterized by the presence of a limited 
number of more or less large, well defined 
diffraction spots (Fig.la-c). This diffrac- 
tion picture fully corresponds to the pre- 
paration of the specimens for X-ray photo- 
graphy which imparted to them a very large 
grained structure; in certain cases a single 
crystal structure was obtained at the working 
surface, 

In' the X-ray photographs of L90 brass and 
A2 bronze, however, as a result of strong 
azimuthal washing, certain spots formed 
almost continuousrings. Their X-ray photographs 
somewhat recall the picture of incomplete 
recrystal lization, with the difference, 
however, that the individual spots are very 
ill defined against the background of the 
rings. 

A second X-ray photographing of all the 
brass series after about four months showed 
that in all] the alloys without exception and 
also in copper a certain process had occurred 
as a result of which almost continuous rings 
like those in the X-ray photographs of L90 
and Br A2 drscribed above appeared (Fig. 2a- 
b). A similar phenomenon was observed in the 
second X-ray photographing of the alloys 
Cu-Al after 3-4 weeks (Fig.1d). The condi- 
tions for the recovery of the alloys between 
the X-ray photographing was the following: 
During the first cycle of X-ray photographs 
all specimens were heated to 500° in stages, 
holding for about one hr at each temperature, 
Then they were cooled and held at room tem- 
perature for 4 months until photographed 
again, 

The washing of the spots in the azimuthal 
direction may be a sign of a considerable 
breaking up of the mosaic blocks and their 
misorientation to each other “3, 9]. 
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The rate of the breaking up process of the 
blocks proved to different for alloys of 
different composition. In the alloys L90 and 
Br A2 this process manages to take place 
during annealing and is revealed in the first 
X-ray photographs; in the alloys L85 and 
Br A3, where the beginning of washing of the 
spots is seen in the first X-ray photographs, 
the structure changes at a somewhat lesser 
rate. Hence, solid solutions with a relative 
composition of 20-30 per cent are most 
subject to change. 


Fig. 1. X-ray photograph of the solid solutions 
(a) L80, first X-ray photograph after annealing; 
(b) L80, second X-ray photograph after recovery; 
(c) Br. A5, first X-ray photograph after 

annealing; 
(d) Br. A5, second X-ray photograph after 
recovery. 


Fig. 2. X-ray photographs of alloys with “in- 
complete recrystallization”: (a) L90; (b) Br. 
A2. 


Both in the system Cu-Z and in the system 
Cu-Al there is also another range of compo- 
sitions where this process occurs with some 


speed, These are the solid solutions with 


relative composition of about 70-80 per cent, 
such as L70 and L65 and the bronzes A6 and 
A7. In alloys of intermediate composition 
the rate of the transformation is at a mini- 
mum, 

L90 brass was X-rayed after quenching from 
800°. In this case Laue spots appeared in 
the X-ray photograph and the number of spots 
of the Debye type was very small, A second 
investigation a week after the first cycle 
of photographs at different temperatures 
revealed a considerable increase in the 
intensity of the Debye spots and in their 
size (Fig.3b). With the further recovery of 
the specimen the intense spots begin to 
become smaller and washed. 


Fig. 3. X-ray photographs of specimens of brass 
quenched from 800° in water after annealing for 
6 hr Temperature 20°: 

(a) Brass L70 immediately after quenching; 

(b) Brass L90 after quenching and ageing. 


Special experiments in which all the 
specimens were annealed a second time indi- 
cate the reversibility of the process of the 
breaking up of the mosaic blocks, The rate 
of the reverse process depends on the compo- 
sition and varies like the direct process. 
The more rapid the diminution of the blocks, 
the less time is needed for the second 
annealing to eliminate this effect. Thus, in 
L90 brass quenched after the second annealing 
at 800° the breaking up of the blocks is 
almost completely eliminated. In alloys of 
intermediate composition very long annealing 
is required to obtain the initial structure 
after recovery, as annealing for 6 hr only 
reduces the washing of the spots but does not 
eliminate it completely. 


DISCUSSION OF THE RESULTS 


During prolonged annealing after plastic 
deformation fairly large blocks of the mosaic 
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structure similar to those which occur in the 
recrystallization of steel [1, 2] develop in 
alloys which we investigated, The presence 
of well defined, not washed spots in the X-ray 
photographs shows that the blocks are of a 
size not smaller than 107? om [3]. 

The observed change in the interference 
picture of solid solutions shows firstly that 
the equilibrium reached as the result of hot 
plastic deformation and high temperature 
annealing is metastable, On the other hand, 
slow cooling at a rate of 2°/min does not 
bring the alloy into the state of equilibrium 
at room temperature but, on the contrary, 
causes a kind of “quenching” of the high 
temperature state of the alloy. 

The possibility of quenching solid solutions 
which do not suffer a phase transformation 
must now be considered as proved [1, 5-8]. 

In all previously mentioned cases, however, 
quenching was studied with rapid cooling. 
Our data shows that the processes of restruc- 
turing of the crystal lattice of solid solu- 
tions is fairly slow and does not always 
manage to take place when the specimen is 
furnace cooled, 

If a metastable high temperature state is 
fixed during annealing it is quite natural to 
suppose that the alloy will in this case tend 
to pass into a state which is stable under 
the given structural conditions, Mother 
consequence of this transition is apparently 
the considerable reduction in the size of the 
mosaic blocks and their misorientation to 
each other which causes the azimuthal washing 
of the spots in the X-ray photographs of 
papers [3, 9]. 

This process in the solid solutions is skin 
in nature to the ageing of supersaturated 
solid solutions (which, by the way, also 
shows itself in the washing of the spots [4]), 
since in both cases an approximation of the 
metastable alloy to the equilibrium for the 
given temperature conditions takes place; it 
is, however, not connected with a change in 
the phase composition of the alloy and not 
accompanied by the precipitation from the 
supersaturated solid solution, Taking both 
the similarity and the difference into account, 
the effect we have observed has been called 
by us homogeneous ageing of non- saturated 
solid solutions, 

The diminution of the blocks as the result 


of homogeneous ageing shows that for room 
temperatures a very small] mosaic structure is 
typical, close to the state which is obtained 
after plastic deformation, This state is 
preserved down to temperatures of 350-400° 
above which the blocks become larger by 
“recrystallization” (Fig. 4). 


Fig. 4. ‘Recrystallization”® after ageing in the 
alloy Br. A2 (400°). 


The homogenization process is evidently 
preceded by short range ordering which is 
shown by the unusually sharp increase in the 
intensity of the spots in the X-ray photo- 
graph of L90 (see Fig.3b). A similar growth 
in intensity also occurs in annealing brass 
L70 (see Fig. 3a). 

Many authors have pointed out that it is 
possible for chemical affinity to show itself 
in the solid solutions of metals of the 
transition group [5-8, 10-15]. For us, the 
paper by Grigor’ yev, Sokolovskaia and 
Piatnickii is of particular interest, which 
indicates an ordering of the solid solutions 
of copper with zinc [16], i.e. in alloys 
which do not contain metals of the transition 
group, 

The fact that we obtained spots incomparably 
stronger than under ordinary conditions 
provides a basis for suggesting that the 
creation of short range order goes fairly far, 
i.e, that ‘‘long range ordering of a short 
range ordered solid solution” occurs ‘“‘as a 
consequence of which a compound of variable 
composition may he formed at not very high 
temperatures” [15]. This kind of ordering 
together with the formation of a compound 
close to Cu_Zn has been observed in brasses 
with a content of about 25% m [16]. Our data 
on the quenching of brand L70 brass confirms 
the possibility of the existence of such a 
compound, Besides, if one accepts Lesnik’s 
point of view (15), the results of the quench- 
ing of L90 speak for the possibility of the 
existence of another compound in brasses, 
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which is close to the stoichiometric formula 
Cu, Zn, 

he rate of homogeneous ageing depends on 
the composition and is a maximum in solid 
solutions where the increase in the strength 
of the bond is most apparent, 

We have not made experiments in quenching 
aluminium bronzes. But, taking into account 
the connexion between ageing and the short 
range ordering of solid solutions, one may 
suggest that in these systems, too, one should 
expect manifestations of chemical affinities 
in alloys with relative composition of 20-30 
per cent and 70-80 per cent. 

Summarizing what has been said one can give 
the following explanation for the effect of 
homogeneous ageing, In quenching solid solu- 
tions their high temperature state becomes 
fixed in which the atoms of the components 
are statistically distributed, The transition 
of the metastable state to one closer to the 
low temperature equilibrium is preceded by the 
development of short range order and an 
increase in the strength of the bonds between 
the atoms as a consequence of the appearance 
of chemical] affinity. This in turn causes 
the compression of individual lattice volumes 

6 which should evidently be the greater, 

the further the ordering process has gone. In 
the temperature investigations of the lattices 
of the above mentioned alloys we observed a 
reduction of the lattice parameter in the 
region of 100-200° which was greatest for 
relative compositions of 20-30 per cent and 
70-80 per cent, This compression causes a 
distortion of the lattice of the block as a 
whole and is probably the cause of the break- 
ing up of the mosaic blocks and their mis- 
orientation to each other, i.e, the cause of 
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the homogeneous ageing of non-saturated sol id 
solutions, 

A parallel investigation of the microhard- 
ness of the experimental alloys showed that 
homogeneous ageing is accompanied by a change 
in this property (see Table 1). 

Clearly to connect these two phenomena is, 
however, difficult for the time being because 
of the insufficiency of experimental material, 

Homogeneous ageing of non-saturated solid 
solutions compels one to approach the study 
of the structure and properties of alloys at 
high temperatures and in quenching with great 
caution, In order to judge the properties and 
structure of alloys it is in this case neces- 
sary to make temperature investigations and 
not to confine oneself to the measurement of 
these properties in the state of quenching 
from the temperature to which they are refer- 
red, 


CONCLUSIONS 


1, The phenomenon of homogeneous ageing in 
non-saturated solid solutions, unaccompanied 
by a change in the phase composition of the 
alloy or the precipitation of an excess phase 
is observed, which consists in the very marked 
diminution of the size of the mosaic blocks 
and their misorientation to each other, 

2. The presence of an ageing process in 
solid solutions which have undergone hot de- 
formation and subsequent annealing shows that 
the high temperature state of the crystal] 
structure of the alloy is ‘‘quenched” during 
slow cooling, 

3. The diminution of the block size in the 
ageing process and their ‘‘recrysta]lization” 


Value of microhardness, kg/mm (from 100-120 measurements) 


Immediately after annealing 


After ageing for two months 


Most often 
repeated 


Minimum 


Maximum 


Most often 
repeated 


Minimum Maximum 


43,7 60.2 
L70 40.5 54.9 
63.5 80.9 


67.6 
107.0 


47.6 
47.6 63.5 90.8 
54.9 70.6 107.0 


a2 Homogeneous ageing of unsaturated solid solutions 


at higher temperatures shows that for various 


temperature conditions there exist corres- 
ponding equilibrium mosaic structures to 
which the alloy tends under all conditions, 
including room temperature, 

4. The ‘‘ageing” process of solid solutions 
is reversible, The rate of the reverse 
process is the greater, the greater the rate 
of the direct process, 

5. The process of homogeneous ageing is 
preceded by the short range ordering of the 
solid solutions; this, apparently, explains 
its slowness, 


Translated by B,. Ruhemann 
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INVESTIGATION OF THE TEMPERING OF COLD 
DEFORMED KYONKhM ALLOY* 
B.G. LIFSHITS and N.G. MAKHUKOV 
(Received 12 Agnes 1958) 


Investigation of spring alloys of the K40NKhM type with the methods 
of measuring their hardness, electrical resistance, thermal expansion, 
elastic constants and internal friction showed that the ageing process 
of these alloys (after cold hardening) consists of two independent 


stages. 


One of these, which occurs principally at 300-550°, consists 


apparently in the formation of a K state; the other, mainly at tem- 
peratures of 550-700°, in the precipitation of a second phase. 


The K40NKhM alloy, developed by the precision 


alloy institute of the Central Scientific 
Research Non-Ferrous Metals Institute, is used 
as spring material for spiral cylindrical 
springs working in corrosive media, for spiral 
cylindrical heat resistant springs working at 
temperatures of up to 300-400°, for non- 
magnetic corrosion resistant winding springs 
with heightened durability, for the expansion 
members of instruments and for certain other 
parts. 

The alloy has a complex chemical composi- 
tion, Its basis is the Co-Cr-Ni-Fe system. 
Borodk ina, Makhukov and Sol’ ts have shown 
(1, 2] that if quenched from a temperature of 
1100-1150° the alloy has a single phase struc- 
ture with a face centred cubic lattice, 

The high elastic properties, the strength 
and hardness of the alloy are imparted to it 
by cold plastic deformation, rolling or 
drawing, and subsequent tempering at tempera- 
tures of 400-500°. As Fig.1 shows a maximum 
is observed at 500-550° in the curves for the 
dependence of the hardness, the elastic limit 
and the electric resistance of the alloy on 
the temperature of tempering (for 2-4 hr). 
Investigation of the microstructure of the 
cold deformed alloy has shown [2, 3] that at 
tempering temperatures of up to 600° no 
precipitation of any excess phase from the 
solid solution is observed. The hardening of 
the alloy in tempering is caused [3] by great 
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microstrain of the crystal lattice (up to 4 x 
x 1073 cm) and the breaking down of the mosaic 


blocks (to 2 x 1076 cm), 


300 400 500 600 700 B00 


Tempering temperature °C 


Fig. 1. Change in the hardness, elastic limit and 
electric resistance of a K40NKhM alloy with 0.05 
per cent carbon on tempering (holding for 2-4 hr) 
after 70 per cent cold deformation. 


We made a study of the alloy in order to 
establish the mechanism of the hardening 
process during tempering, The chemical 
composition of the alloys investigated is 
given in Table lL 

The following methods of investigation were 
employed: measurement of the hardness, the 
electrical resistance, the dilatometric 
method, the measurement of the elastic 
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TABLE 1 
Chemical composition of the alloys 


% content of elements 


Fe 
(difference) 


15.58 
15.60 
15.00 
17.15 


20.31 
20. 26 
20.65 
22. 30 


40.75 
41.00 
42.10 
43.85 


0. 120 
0.050 
0.015 
0.015 


13. 68 
13.51 
14.70 
15. 90 


0.29 
0.31 
0. 30 
0. 39 


2.20 
2. 20 
0.39 
0.39 


properties, the measurement of internal 
friction. 

The electric resistance was measured on a 
double bridge (with a UTV-2 type arrangement). 
The dilatometric investigation was carried 
out in a Chevenard differential optical 
dilatometer. Young’ s modulus was determined 
by the dynamic method from the measurement of 
the resonance frequency of the transverse 
oscillations of a specimen of round cross- 
section (diameter 0.7 mm, length 170-180 mm), 
the internal friction from the damping of the 
free torsional oscillations of wire specimens 
(diameter 0.7 mm, length 310 mm) in the ten- 
perature interval from ® to 600° (the Ké 
method). The rate of heating was about 
4°/min, The frequency of the oscillations 
was 0.7-0.8 c/s the quantity 


= 


was taken for the measure of the internal 
friction, where A, is the initial amplitude 
of the torsional oscillations of the specimen; 
A, the final amplitude of the torsional 
oscillations of the specimen; n the number 
of oscillations when measuring the amplitudes 
from Ay to A,. 

The investigation should that in quenched 
and cold deformed alloys of K40NKhM type at 
temperatures of 400-500° a state is stable 
(tests took up to 100 hr) which can apparently 
be described as a concentration inhomogeneity 
of the solid solution, Such a phenomenon has 
earlier been established for a number of 
single phase alloys containing transition 
metals and has been given the name of K state 
[4]. It has been shown [5-7] that the same 
state of the solid solution is also observed 


In 4 
An 


in certain ageing alloys. In such a case, as 
also in oversaturated aluminium alloys [12], 
the occurrence of two independent processes 
is observed. At low temperatures of ageing 
zones of segregation of atoms of the same 
kind are formed which at higher temperatures 
are resorbed into the matrix, while the nuclei 
of the second phase develop and grow, which 
is an independent process. 

The results of the dilatometric investiga- 
tion show that in alloys of K40NKhM type there 
also occur two independent processes. Fig. 2 
shows clearly the separation of these 
processes with temperature, Both processes 
cause a reduction of the volume of the alloy. 
The first process occurs at temperatures in 
the interval 300-550°, the second in the 
interval 550-700° and amounts to the separa- 
tion from the solid solution of a second 
phase and the acceleration of the processes 
of relaxation and recrystallization. The 
first process of volume reduction occurs at 
the same temperatures at which an increase in 
the electric resistance, the hardness and the 
elastic properties is observed (see Fig. 1). 
The nature of these processes is apparently 
the formation of zones of atom segregation 
(K state). 

We suggest that the segregations of atoms 
of the same kind are points of additional 
scattering of conduction electrons and reduce 
their mobility, as a result of which the 
electrical resistance increases, The alloy 
hardens because the zones of segregation are 
formed at temperatures below the temperature 
of recrystallization, strong internal stresses 
arise at the boundaries of the accumulations 
and the alloy is in an inhomogeneously 
strained state, The formation of the K state 
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in the alloy causes an increase in the 
strength of the bonds which shows itself in an 
increase in the modulus of elasticity. As the 
investigations showed, the atoms of molybdenum 
and tungsten play the main part in the forma- 
tion of zones of segregation in the alloys of 


K40NKhM type. 


— 4 135 sb 
as 
I 
et 
> | 
5 8 fc 
7 
6 
> J 3 
= Bree 
e2 
-2 


100200 300400500 600 700 800 900 


Fig. 2. Relative elongation and true expansion 
coefficient of cold deformed (40 per cent com- 
pression) K40NKhM alloy with 0.12 per cent carbon. 
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Fig. 3. Change in the modulus of the normal 
elasticity of a cold deformed specimens (40 per 
cent compression) of a K40KhM alloy with 0.12 per 
cent carbon depending on the tempering tempera- 
ture. 


In the curves for the dependence of @! on 
the temperature in the testing of the alloy 
in the region of 300-350° a peak of the 
internal friction is observed, Fig, 4 shows 
one of these curves for the alloy with 0,12 
per cent carbon content, on which the peak 
can very clearly be seen, A possible mecha- 


nism for the appearance of a peak of the 
internal friction in alloys with face centred 
cubic lattice containing carbon has been 

The occurrence of 


described in paper [8]. 


Tempering of cold deformed K40NKhM alloy 15 


the peak is explained by the suggestion that 
a foreign atom which finds itself in a sub- 
stitional solution forms an atomic pair with 
the carbon atom which creates distortions in 
the lattice different for the three crystal- 
lographic directions. 
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Fig. 4. Temperature dependence of the internal 
friction of a cold deformed (70 per cent compres- 
sion) specimen of a K40NKhM alloy with 0.12 per 
cent carbon after tempering at 200° for two hr. 


The relative displacement of these atoms 
under the influence of the stresses during 
the testing of the specimen generates internal 
friction. Apparently, the peak in the 
internal friction of the K40NKhM alloy is 
produced hy the same cause, The elementary 
act of the process is the displacement of the 
carbon atom from one octahedral intermodular 
position to the other, The role of the 
foreign atom in the alloy of K40NKhM type is 
played by Mo and W (their atomic diameters 
are 2.80 and 2,82 kX respectively). 

The atomic diameters of Co, Cr, Ni and Fe 
are within the limits of 2,49-2.57 kX. As 
has been observed, in alloy No.4 (without Mo 
and W) no peak of internal friction appears 
at 300-350°, irrespective of the type of 
treatment, whether quenching or tempering, 

In alloy No.3, which has the same amount of 
carbon but contains 6.85 per cent molybdenum, 
the peak of internal friction is observed 
(see Fig. 5). 

A peak of internal friction is observed in 
the testing of specimens quenched from 1100° 
and cold deformed (Fig.6). The height of the 
peak increases with increasing degree of cold 
plastic deformation of the specimens, This 
is apparently so because after deformation 
the solid solution becomes more homogeneous 
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due to the destruction of the zones of atom 
segregation which are formed in the process 
of quenching. Here the number of carbon- 
foreign atom pairs increases and their move- 
ment in the alternating field of tension 
during the testing process causes energy 
losses and the peak in the internal friction. 
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Fig. 5. Temperature dependence of the internal 
friction of cold deformed 70 per cent deformation) 
specimens of K40NKhM alloys with 0.015 per cent 
carbon after tempering at 200° for 2 hr: (1) with 
6.85 per cent molybdenum; (2) without molybdenum. 
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Fig. 6. Temperature dependence of the internal 
friction of quenched and cold deformed specimens 
of a K40NKhM alloy with 0.12 per cent carbon. 


As Fig.7 shows, tempering at temperatures 
above 200° reduces the peak, since with such 
treatment segregation zones of molybdenum and 
tungsten atoms are formed as a result of 
which the number of carbon-foreign atom pairs 
capable of displacement in the field of 
tension is reduced. 

Curves of internal] friction similar to 
those shown in Figs.6 and 7 for the alloy 
with 0,12 per cent carbon camtent are also 
obtained for alloys with smaller carbon con- 
tent (alloys No.2 and 3), Fig.8a-c shows 


data for the height of the peak of internal 
friction (taking account of the background) 
of the alloys investigated. 
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Fig. 7. Temperature dependence of the internal 
friction of cold deformed (70 per cent compres- 
sion) specimens of a K40NKhM alloy with 0.12 per 
cent carbon after tempering at various temperatures 
for 2 hr. 


>» 
25 


~ 


Q@ 


La 


200 400 600 200 400 600 200 400 
Tempering temperature, 


Internal friction 


Fig. 8. Effect of the tempering temperature 
(holding for 2 hr) on the height of the peak of 
the peak of the internal friction of K40NKhM 
alloys with carbon contents: 

(a) 0.12%; (b) 0.05% 0.015%. 

State of the alloys before tempering: 

(1) deformation 70%; (2) deformation 30%; 

(3) quenching from 1100° in water. 


For the same degree of compression and 
tempering temperature the alloy with 0.12 per 
cent carbon content shows a greater height of 
the peak of internal friction than the alloy 
containing 0.05 per cent carbon, For instance, 
the maximum height of the peak in curves 1 
(70 per cent compression) for the alloy with 
0.12 per cent carbon is 25 x 107‘, but for the 
alloy with 0.05 per cent carbon only 11 x 
x 107*, The height of the peak for the alloy 
with 0,015 per cent carbon (Fig.8c) is stil] 
less, It follows that the height of the peak 


= 
195 
200 300 


depends on the carbon content of the alloy. 
The greater the carbon content, the higher 
the peak of internal] friction, al] other 
conditions being equal. 

The increase in the peak of internal fric- 
tion of deformed alloys after tempering to 
200° can be explained by the recovery of 
internal friction [9]. It has been shown 
that cold hardening not only increases the 
background of internal friction because slip 
planes develop and spread [10], but also 
tends to lower the height of the peak on the 
curve of the temperature dependence of the 
internal friction caused by intrusion atoms 
(11). Low temperature tempering, which does 
not substantially lower the other properties, 
can restore to the intemal] friction caused 
by cold hardening the value it had before 
cold hardening. This explanation for the 
effect of low tempering (up to 200°) on the 
cold deformed K40KhNM alloy appears to be 
correct, since at 300-350° the peak is caused 
by the presence of carbon together with Mo 
and W in the solution. 


CONCLUSIONS 


1. In investigations of the tempering of 
cold deformed alloys of type K40NKhM it is 
shown that in these alloys two independent 
processes take place, One of them occurs 
mainly in the temperature interval 300-550° 
and probably amounts to the formation of atom 
segregations of the type of Guinier Preston 
zones (K state). The second process occurs 
Mainly in the temperature interval 550-700° 
and consists of the precipitation from the 
solid solution of a second phase and also in 
the acceleration of the relaxation and recrys- 
tallization processes, 


2. The low temperature process is accompanied 


by an increase in the hardness, the elastic 

limit, the modulus of elasticity, the elec- 

trical resistance and by a reduction of the 

volume and the true expansion coefficient of 
the alloy. 

3. In the homogeneous solid solution of the 
alloys of type K40HKhM (after deformation), 
which contain atoms of metallic components 
of different diameters and carbon atoms a 
peak of internal] friction appears on the 
curve Q”! (T) at 300-350°. This peak is 


Tempering of cold deformed K40NKhM alloy 


caused by the relative displacement of the 
carbon atoms and the atoms with large atomic 
diameter (Mo, W). 

4. The height of the peak of internal 
friction increases with the carbon concen- 
tration and the degree of deformation (with 
the homogeneity of the solid solution), 

5. The formation of segregations of Mo and 
W atoms is regarded as the cause of the 
reduction of the peak of internal friction 
during tempering after cold hardening, This 
makes it possible to study the process of 
the formation of the K state by the method 
of internal friction, In such an investiga- 
tion the carbon atom is an indicator for the 
formation of segregations of the atoms of the 
metallic components, 


Translated by B, Ruhemann 
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The study of the effect of pressure on the 
phase transformations in steel has long 
interested metallographers, since pressure is 
one of the parameters which determine the 
phase composition of alloys, 

According to the Le Chatelier rule pressure 
should arrest the 7 a transition since this 
process takes place with an increase in 
volume, The theoretical calculations of 
Tamman [1], Bigeyev [2], Cohen [3], Crussard 
[4] and others confirm this, The experimental] 
data of Bratskii [5], Yefremov, Selisskii and 
Georegievskii [6] and also of Prosvirin [7] 
have shown that pressure increases the tem- 
perability of steel, increases the amount of 
residual austenite and slows down its decon- 
position on tempering. 

In these papers compression from one end of 
the specimen was employed, accompanied by 
plastic deformation, The latter complicates 
the process of the y—~ a transformation and 
the analysis of the results of the investi- 
gation, 

Stregulin and Chuprakova [8] have studied 
the effect of hydraulic pressure on the 
transformation of austenite into martensite, 
This study also suffered, however, from a 
number of defects of method. The amount of 
martensite, for example, which is formed in 
the specimen under pressure, was determined 
after the pressure had been removed and the 
specimen had assumed room temperature, An 
improved method was necessary, 

We succeeded in designing and producing a 
magnetometric device for the study of the 
austenite-martensite transformation under a 
pressure of 30,000 kg/cm*, It consists of a 


* Fiz. metal. metalloved. 8, No.3, 406-411, 1959. 


hydraulic press, a magnetometer and a high- 
pressure chamber. 

The hydraulic press was made from high 
grade austenite steel so that its mass should 
not affect the magnetic measurements, 

The magnetometer was built after the well 
known Shteinberg and Ziuzin type of magneto- 
meter, The amount of a magnetic phase is 
determined by it with the aid of a ballistic 
mirror galvanometer connected to a measuring 
coil placed between the poles of a strong 
electromagnet, 

The high-pressure chamber is a cylinder 
with a bore of 7-8 mm diameter, It was also 
made from stable austenite steel of great 
strength and is placed between the free ends 
of the core of the electromagnet, From the 
ends the poles of the electromagnet were 
screwed into the high pressure chamber, The 
measuring coil is between the poles of the 
electromagnet and is part of the high pres- 
sure chamber, 

In the centre of the poles and the measur- 
ing coil] there is a through channe] in which 
a lead or paraffin wax ampulla with the 
specimen is placed, The pressure on the 
ampulla is transmitted from the hydraulic 
press from the ends with the aid of punches, 
Lead, paraffin wax or some other plastic 
substance serves as the medium transmitting 
the hydraulic pressure to the specimen, No 
noticeable plastic deformation of the speci- 
men was observed, 

The investigation of the transformation of 
the austenite into martensite under pressure 
was made on two austenite steels of the 
following composition (see Table 1), 

The specimens made from these steels had a 
diameter of 4 mm and a length of 2 mm, 
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Transformation of austenite 


Fig. 1. 


Schematic drawing of magnetometric arrangement for the study 


of the transformation of austenite into martensite at high pressure: 


(1) Upper and lower gravers of the hydraulic press; 
(3) manometer; 
(6) pole of the electromagnet; 
(9) specimen of the steel to be investi- 


the hydraulic press; 
ing coil; 
(8) high-pressure chamber; 
gated; (10) punch; 
(13) liquid nitrogen reservoir; 


Before the investigation the specimens were 
homogenized at 1150° for several hr and then 
stabilized at 100°. 

To measure the curve of the austenite- 
martensite transformation during cooling the 
specimen was room temperature enclosed in a 
paraffin wax ampulla, The ampulla with the 
specimen fitted closely into the bore of the 
high-pressure chamber. The chamber with the 
specimen and the poles was placed in the 
hydraulic press, After that the compression 
of the ampulla with the specimen was effected 
in the chamber, 

The pressure on the specimen was determined 
by means of multiplying the pressure measured 


(11) thermocouple; 
(14) heat insulation. 


(2) cylinder of 
(4) electromagnet; (5) measur- 
(7) ballistic galvanometer; 


(12) chrome-nickel heater; 


in the cylinder of the hydraulic press by the 
ratio of the area of the piston to the area 
of the cross-section of the ampulla, The 
temperature was determined with a chromel- 
copel thermocouple inserted in a special 
opening in the upper pole, 

After the specimen had been compressed the 
high-pressure chamber together with the 
specimen was gradually eooled with liquid 
nitrogen, Simultaneously the temperatures 
and the deflexions of galvanometer mirror 
were measured. The rate of cooling while the 
curve of the austenite-martensite trans for- 
mation was measured was 2-3°/min, 

The investigation was made on the two above 


TABLE 1 


% content of elements 


Ni 


Si 


80 
| 
66 
VOl 
8 
19! 
Point 
Steel 
7TN4G4 0.66 | 4.20 | 3.74 5° C 
4N19G 0.39 | 19.30 1.00 0° c 
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mentioned steels, The same results were 
obtained for both, Here the austenite- 
martensite transformation of 7N4G4 steel is 
described, 
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Fig. 2. Effect of pressure on the transformation 
from austenite into martensite in 7N4G4 steel: 

(1) 1 kg/em?; (2) 5000 ke/cm?; (3) 10,000 kg/em?; 
(4) 15,000 kg/cm?; (5) 20,000 kg/cm?. 


Fig. 2 shows the curves for the austenite- 
martensite transformation on cooling and for 
various pressures, As the diagram shows, the 
higher the pressure, the lower the tempera- 
ture of the beginning of the martensite 
transformation (point T,). At atmospheric 
pressure the point T, is at about . ata 
pressure of 10,000 kg/cm? it is at -60°, and 
at 20,000 kg/cm? at about -160°, At a pres- 
sure of 25,000 kg/cm? no austenite-martensite 
transformation is observed in either steel, 
even if the temperature is lowered to that of 
boiling liquid nitrogen (-196°). 

Fig. 3 shows the curve of the change in the 
position of the martensite point as a function 
of the pressure, 

The amount of martensite (the effect of the 
transformation) which is formed on cooling to 
-196° decreases with increasing pressure, If 
at atmospheric pressure it forms about 65 per 
cent, at a pressure of 10,000 kg/cm? it forms 
about 37 per cent and at a pressure of 20,000 
kg/cm? about 20 per cent. 

It was interesting to find out how the pres- 
sure affects the isothermal transformation of 
austenite into martensite, 

The investigation of the isothermal austen- 


ite-martensite transformation was done by the 
following method, The specimen of the steel 
to be investigated, as usual in an ampulla, 
was placed in the high pressure chamber, 
After that it was subjected to a pressure of 
25,000 kg/cm? and cooled to the given ten- 
perature of isothermal holding, At such a 
pressure the specimen remained austenite to a 
temperature of -196°, 
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Fig. 3. Effect of pressure on the position of the 

martensite point in 7N4G4 steel. 

After reaching the given temperature of 
isothermal holding the pressure was reduced 
to atmospheric, if the transformation was to 
studied at atmospheric pressure, If the 
isothermal transformation was effected at a 
higher pressure (in our case at 10,000 kg/cm?), 
then after cooling to the given temperature 
the pressure was reduced to 10,000 kg/cm? at 
which the isothermal transformation took 
place, 

In the first two or three seconds after the 
lowering of the pressure the transformation 
proceeded very rapidly, since the pressure 
which had prevented the transformation had 
been taken off. The amount of martensite was 
in this case the greater the lower the tem- 
perature and pressure. Fig.4 shows that the 
curves for the austenite-martensite trans- 
formation lie the higher, the lower the tem- 
perature of the transformation, It is known 
that the greater the degree of cooling, the 
more martensite is formed. 

Half a minute after the pressure had been 
lowered the rapid transformation came to an 
end, After that the magnetometric measurement 
of the amount of martensite formed during 
prolonged isothermal] holding was begun, 

Fig.4 shows the curves of the isothermal 

transformation at atmospheric pressure by 
continuous lines, the transformations at a 
pressure of 10,000 kg/cm? by dotted lines, 
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The latter lie lower, since the pressure 
reduces the amount of martensite formed. 
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Fig. 4. Isothermal austenite-martensite trans- 
formation in 7N4G4 steel: (1) at -160°; (2) at 
-120°; (3) at -93°; (4) at -65° and atmospheric 
pressure; (5) at -150°; (6) at -120°; (7) at 
-85° at a pressure of 10,000 kg/cm’. 


If on the curves of Fig,4 we take away the 
initial part which is obtained as a result of 
taking the pressure off, we obtain the curves 
for the isothermal transformation of austen- 
ite into martensite at the given pressure. 
Figs. 5 and 6 show such curves at atmospheric 
pressure and at a pressure of 10,000 kg/cm. 
But these curves reflect the kinetics of the 
isothermal austenite-martensite transformation 
transformation incorrectly. Kurdiumov and 
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Fig. 5. Curves for the isothermal austenite- 
martensite transformation in 7N4G4 steel at 
atmospheric pressure: 

(1) at -180 ; (2) at -160 ; 
-93°; (5) at -65°. 


(3) at -120 ; (4) at 
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Matimova [9] have suggested that the amount 
of martensite formed in isothermal holding 
should refer not to the whole amount of mar- 
tensite in the specimen but only to the maxi- 
mum amount of martensite formed only during 
the isothermal holding, 
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Fig. 6. Curves for the isothermal austenite- 
martensite transformation in 7N4G4 steel at a 
pressure of 10,000 kg/cm: 


(1) at -85°; (2) at -120°; (3) at -150°. 
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Fig. 7. Derived amount of martensite formed at 
constant temperature and atmospheric pressure in 
TN4G4 steel: 

(1) at -65°; (2) at -93°; 
-150°; (5) at -180°. 
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Fig. 8. Derived amount of martensite formed at 
constant temperature and a pressure of 10,000 
kg/cm? in 7N4G4 steel: 


(1) at -85°; (2) at -120°; (3) at -150°. 
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Treating the curves of Kigs.5 and 6 in this 
way we obtain curves for the derived amount 
of martensite formed in isothermal holding 
(see Fig. 7-8). They show that the lower the 
temperature, the less the rate at which the 
isothermal austenite-martensite transformation 
proceeds, The dotted qurve in Fig.8 which 
refers to the transformation at atmospheric 
pressure rises higher than the continuous 
curve for a pressure of 10,000 ke/cm2, At 
one and the same temptrature the isothermal 
transformation at atmospheric pressure ends 
earlier than at a pressure of 10,000 kg/cm?. 

Similar results were obtained for 4N19G 
steel the isothérmal transformation for which 
was studied at a pressure of 5000 kg/cm’. 


CONCLUSIONS 


1. A magnetometric arrangement for the study 
of the austenite-martensite transformation 
under a hydraulic pressure of up to 30,000 
kg/cm? was designed and tested, 

2. It was found that pressure considerably 
reduces the temperature of the beginning of 
the martensite transformation (the point T,) 
and reduces the effect of the transformation, 


3. The isothermal austenite-martensite 
transformation proceeds more slowly at high 
pressures than at atmospheric pressure. 


Translated by B, Ruhemann 
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STRUCTURE CHANGES AND ANOMALOUS TEMPERATURE 
DEPENDENCE OF THE MAGNETIC PROPERTIES OF 
Ni-Fe ALLOYS (50% Ni)* 

M.V. DEKHTYAR and N.M. KAZANTSEVA 
Moscow State University, M.V. Lomonosov College 
(Received 8 August 1958) 


The temperature relationship of magnetic properties of nickel-iron 


alloys (50% Ni) has been studied. 


It is shown that it has a different 


form depending upon the structure of the alloy after heat treatment. 
On quenching the alloy from 1200° an anomalous temperature relation- 
ship of magnetic saturation, maximum susceptibility and coervice force 


is discovered when the alloy is heated in the 300-360° range. 


This is 


due to the formation of short range order which occurs on heating the 


disordered, rapidly-quenched alloy. 


Hence the anomalous properties 


which the alloy receives on heating to 300-360° are retained after 


cooling and at room temperature. 


The anomalous temperature - magnetic properties relationship is not 
observed in the temperature range mentioned, in samples which have 


undergone an ordering quench. 


The magnetic properties of rapidly-quenched 
alloys of Ni,Fe and Permalloy have an 
anomalous temperature relationship [1-4]. The 
anomalous temperature — magnetic properties 
behaviour of these alloys below the critical 
temperature for the formation of long range 
in Ni, Fe is subject to structural changes 
which are produced on heating the rapidly- 
quenched alloy [3]. These changes are caused 
by the formation of short range order in the 
disordered alloy and aid in producing a 
heterogeneous structure, The results of 
other methods of testing also indicate the 
existence of such a structure [5-7]. Heiden- 
reich and Nesbitt [7] have reported that the 
heterogeneous structure in Permalloy and in 
Ni-Co alloy (50% Co) can be revealed by elec- 
tron diffraction. The authors connect the 
latter with distortions of the crystal 
lattice** in regions where the face-centred 
cubic lattice changes into the hexagonal, 


* Fiz. metal, metalloved. 8, No.3, 412-416, 1959. 
** Stacking faults. 


It is very probable that these distortions in 
the lattice of the alloy arise from the 
initial coherent stage of formation of short 
range order regions inside the disordered 
solution, These considerations are prompted 
by the results of the work of Wakelin and 
Yates [8] who showed that the parameter of 
the lattice of the ordered structure of Ni_Fe 
is 0,002 A less than that of the disordered. 

In the present work the temperature rel a 
tionship of the magnetic properties of the 
Ni-Fe alloy with a large nickel content (50%) 
has been studied, 

We have studied the temperature relation- 
ship of the magnetic properties of samples 
quenched from 1200° and after an ordering 
anneal, Measurements were taken on samples, 
200 mm in length and 0.3 mm in diameter, The 
samples were placed in thin silica tubes 
which were evacuated down to a pressure of 
10~4mm Hg and then sealed. After maintaining 
a temperature of 1200° for 48 hr the silica 
tube and sample were removed for quenching in 
water, 
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Magnetic measurements were carried out by 
means of an astatic magnetometer, For high 
temperature measurements a furnace with non- 
magnetic bifilar winding of Pt wire, was 
inserted into one of the coils of the astatic 
magnetometer, To even up the temperature 
along the sample in the furnace a non-magnetic 
metal] tube was installed, inside which was 
placed the silica tube and the sample under 
test was surrounded directly by the metal 
tube, 

In Fig. 1 curve a the temperatures magnetic 
saturation curve is given for a sample 
quenched from 1200° and in Fig.1 curve 6 for 
a sample which after quenching had been 
soaked at 480° for 100 hr. In curve a Fig. 1 
a break can be seen which indicates increased 
magnetization in the region 300-360° caused 
by formation of short range order, The lower 
portion of this curve is displaced towards 
the right which shows that the Curie tempera- 
ture of the newly-arising short range order 
structure is higher than the Curie tempera- 
ture of the disordered alloy, * 


200 


0 100 200 300 500 


Temperature of measurement 


Fig. 1. Curve a temperature relationship of 
magnetic saturation of the Ni-Fe alloy (50% Ni) 
quenched from 1200°. Curve } temperature rela- 
tionship of the magnetic saturation of the Ni-Fe 
alloy (50% Ni) which has been given a 100 hr 
ageing at 480° after quenching from 1200° in 
water. 


* The dependence of I, and the Curie point on the 
degree of short range order has been indicated 


by Vonsovskii [9, 10]. 


Ni-Fe alloys (50% Ni) 


For the sample whose structure had been 
ordered by prolonged soaking there is no 
break in the curve I,(t) and the magnetiza- 
tion decreases regularly with rising ten- 
perature (Fig.1. curve 6). Formation of 
short range order is more clearly show on 
the curves giving the temperature relation- 
ship of coercive force and maximum permea- 
bility of samples quenched from 1200° (Fig. 2). 
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Fig. 2. Curve temperature relationship of the 
coercive force of the Ni-Fe alloy (50% Ni) 

quenched from 1200°. Curve 6 temperature relation- 
ship of the maximum susceptibility of the alloy 
quenched from 1200°. 


The coercive force of the quenched sample 
falls albeit insignificantly, on heating from 
room temperature to 300°. This reflects the 
stage of coherent formation of regions with 
short range order in the disordered Ni-Fe 
solution and may be the consequence of 
coherent stresses which arise. 

A similar conclusion may be drawn from the 
temperature relationship curve of maximum 
permeability of the quenched alloy (Fig. 2 
curve 6b), IX max decreases on heating in the 
280-360° range by four times, Fluctuation of 
the value of H, within certain limits in the 
350-390° range is probably caused by the 
break in coherency of the freshly formed 
ordered regions, 

The sharp increase of X,,, and decrease of 
H, at about 400° in this case indicates the 
stage in the breakdown of coherency in the 
newly formed regions of short range order and 
disordered solution, 

The short range order structure arising 
from heating the quenched sample is stable at 
room temperature, From this it is evident 
that the observed anomalous changes in the 
magnetic properties are not reversible. The 
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alloy under study, being held in the stated 
temperature range also has anomalous proper- 
ties after cooling to room temperature, This 
is illustrated in the temperature vs, maximum 
susceptibility curve (Fig.3 curve a) and the 
temperature vs, coercive force curve (Fig. 3 
curve 6), (the temperature in this case being 
the ageing temperature of the quenched speci- 
men). According to the curves shown in these 
figures it seems that the structure which is 
produced by ageing the quenched sample in the 
300-400° range has double the coercive force 
at room temperature and less than half the 


compared with the sample quenched from 


200 
Ageing temperature 


Fig. 3. Curve a. Relationship of maximum sus- 
ceptibility of the quenched sample to the ageing 
temperature. Curve 6. The relationship of H ¢ of 
the alloy quenched from 1200° to ageing tempera- 
ture. 
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Fig. 4. The temperature relationship of the 
coercive force and the maximum susceptibility of 
the alloy quenched from 1200° to 600° with a rate 
of 5°/min, and then quenched in water. 


The growth of i, in particular indicates 
the part played by ordering when the sample 
is aged in the 300-400° range (Fig.3 curve a), 
If the sample which has been held at 1200° is 
slowly cooled to 600° (at the rate of 5°/min) 
and then quenched in water, the anomalous 
effects on the temperature relationship 
curves, although they are still appreciable, 
are considerably less, As can be seen in 
Fig.4 the maximum susceptibility at about 
360° is 20 per cent lower* (from 4500 to 
3700 units) and at the same time for the 
quenched sample it is four times less at 
this temperature, (from 2800 to 700 units). 
Qn the H,(t) curve the fall of H, with tem- 
perature in the 300-400° range is delayed 
(Fig.4) and in this region the increase of 
H, is not as sharp as when the sample 
quenched from 1200° is heated (Fig.2 curve 
a). Thus, the heat treatment indicated helps 
to produce regions of short range order in 
that stage when coherency of these regions 
and of the disordered solution is already 
disrupted. 


c 


0 200 300 900 


Temperature of measurement °C 


Fig. 5. The temperature relationship of the 
coercive force of the alloy quenched from 1200° 
and then held for 100 hr at 480°. 


Anomalous temperature behaviour of the mag- 
netic properties in the 300-400° range are 
not observed in samples which have been given 
a 100 hr ageing at 480° after quenching from 
120° (Fig. 1 curve 6 and Fig.5). 


* This behaviour of the curve #,,, (t) for the 
alloy with 50% Ni is shown in the article of 
Zaimovskii (see Fig.21 in Ref. [1{]). The 
effect of heat treatment of the alloy (with 
the original structure) on the temperature vs. 
magnetic properties curve has not been studied 
in ref. (11). 
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CONCLUSIONS 


The temperature effect on the magnetic 


properties of the Ni-Fe alloy (50% Ni) quenched 


from 1200° has an anomalous character — on 
heating this alloy the magnetic properties 
change sharply in comparitively narrow tem- 
perature range (300-360°). The coercive force 
increases and the maximum susceptibility 
decreases by several times, The magnetic 
saturation is also increased. This anomaly is 
not observed in samples which have been given 
a 100 hr ageing at about 480°. 

Comparing these results with those obtained 
earlier on the Ni,-Fe [2,3] we may make the 
following conclusions: On heating the rapidly 
quenched Ni-Fe alloy (50% Ni) to about 300°, 
formation of short range order commences in 
the disordered alloy. This is indicated by 
the increase in magnetic saturation and rise 
in the Curie temperature, In the initial 
coherent stage of the formation of regions 
with short range order in the disordered 
solution, distortions occur in the crystal 
lattice which cause increased coercive force 
and sharp lowering of the maximum suscep- 
tibility. 

Holding the quenched alloy in the 300- 400° 
range leads to a structural condition with 
less free energy than that of the disordered 
(quenched) solid solution, This state is 
is preserved during cooling to room tempera- 


ture. So the anomalous changes in magnetic 
properties acquired by the quenched alloy by 
ageing in the temperature range indicated are 
irreversible and are maintained after cooling 
the alloy to room temperature, 


Translated by WJ. King 
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MECHANICAL PROPERTIES OF NICKEL-ALUMINIUM ALLOYS* 
V.A. PAVLOV and I.A. PERETURINA 
Institute of Physics of Metals 
(Received 21 August 1958) 


A study is made of the dependence of the 
yield point of Ni-Al alloys on concentration 
of the solid solution (from 0.025 to 2.93% 
Al), as well as on the temperature and rate 
of deformation, When Ni is alloyed with Al 
consolidation of the solid solution takes 
place, excluding the region of low Al content 
(from 0.025 to 0.05% Al), where yield point 
initially decreases with increase of alloying 
metal. As the content of Al is raised, there 
is a stronger dependence of yield point on 
temperature and rate of deformation. For 
alloys with 1.5 and 2.93% Al, an irregular 
change of yield strength with temperature is 
observed, 

In a previous work, Al-Mg and Ni-Cu alloys 
have been studied with the object of discover- 
ing the effect on mechanical properties of 
inter-atomic cohesion forces and of the 
static distortion of the crystal lattice 
which arise in solid solutions from the effect 
of atoms of the alloying element [1,2]. 

These alloys were very suitable for making 
the intended studies since they differ 
amongst themselves as regards the nature of 
the variation of modulus of elasticity, 
characteristic temperature and static dis- 
tortions with concentration of the solid 
solution, 

In Al-Mg alloys in the range of concentra- 
tions studied, the modulus of elasticity and 
characteristic temperature are not dependent 
on the composition of the alloy; static 
distortion increases with increasing Mg 
content, 

In Ni-Cu alloys the modulus of elasticity 
and characteristic temperature decrease with 
increasing Cu content, but the static dis- 
tortion increases up to 40% Cu and then 
falls, 


* Fiz. metal. metalloved. 8, NO.3, 417-425, 1959. 


From these studies certain general prin- 
ciples have been established for both alloys 
with regard to change of yield point with 
solid solution content and deformation con- 
ditions, 

1. It is not possible to explain the 
strengthening of the alloys by change in the 
interatomic forces, The relationship of 
yield point to solid solution content is 
correlated to the change of static distortion 
of the crystal lattice. On this basis, it is 
suggested that strengthening of alloys is 
mainly connected with change in the macro- 
structure (with the appearance of static 
distortion of the crystal lattice with the 
formation of non-uniform distribution of 
impurities throughout the solid solution, 
with change of block structure and so on) 
which increases the coefficient of perfor- 
mance of interatomic cohesion forces, 

2. For pure metals change of the yield 
point with temperature when dynamically 
deformed is mainly determined by the ten- 
perature relationship of the modulus of 
elasticity. For alloys the yield point 
depends considerably more on temperature; 
moreover, irregular change of the yield 
point with temperature and deformation rate 
is observed. All these laws of change of 
yield point with temperature and deformation 
rate show that in the solid solutions studied, 
as the shearing plastic deformation develops 
certain thermally activated processes are 
brought about when deformation takes place, 

In the present work, data will be quoted 
from the study of the relationship of yield 
point to alloy composition and deformation 
conditions of solid solutions of Ni and Al. 

These alloys are characterized by the fact 
that the modulus of elasticity, characteris- 
tic temperature and static distortion of the 
crystal lattice increase with increased alloy 
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content. An appreciable part of the increase 
of inter-atomic cohesion forces, it seems, is 
connected with close-packing since in plastic 
deformation at room temperature, the charac- 
teristic temperature falls, approaching the 
value for pure Ni. (3]. 


PREPARATION OF THE ALLOYS AND METHOD 
OF TESTING 


The alloys were melted in a vacuum of 1075mm 
Hg, from electrolytic Ni mark HOOOO of high 
purity, and aluminium mark ABOOO. The 
castings after homogenization were forged 
into smal] bars 10 x 10 mm, These bars were 
planed to a thickness of 0.5-1.0 mm to remove 
the surface layer and then rolled and drawn 
into wires of about 1 mm diameter. The 
drawing was carried out at room temperature 
annealing in a vacuum at 800° at certain 
intervals, 

After the last intermediate anneal] the 
wires received a deformation of about 80 per 
cent less than the square of the cross-section 
and in that condition were crystallized in the 
temperature range 850-1000°C in a vacuum, The 
temperature of recrystallization for each 
alloy was chosen so as to obtain identical 
grain size in all the alloys, The linear 


measurement of the grain in all] alloys was 
about 1 mm 

Elongation of the samples was carried out 
on a special machine while the temperature 
was varied from 77 to 973°K. The rate of 
deformation was changed 300 times, 


RESULTS OF THE EXPERIMENTS 


In Fig. 1 are curves showing the temperature 
relationships of yield point of pure Ni and 
Ni-Al alloys with 0.025, 0.05, 0.5, 1.5 and 
2.93% Al. 

The yield point of pure Ni, as follows from 
previous studies, depends relatively slightly 
on temperature in the range 200 to 500-550°K. 
Change of the creep limit of Ni at these 
temperatures is determined mainly by the 
modulus of elasticity with temperature, In 
the high temperature range it changes more 
strongly. Microscopic studies of the plastic 
deformation and measurement of internal 
friction serve to explain the reinforcement 
of the temperature relationship of the creep 
limit by deformation along the grain boun- 
daries, An explanation of the rise in yield 
point at low temperatures has been given in 
ref. [5,6]. 

With low concentrations of solid solutions 
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Fig. 1. 


1000 °K 


Temperature vs. yield point of pure Ni and Ni-Al 


alloys at a deformation rate of 6.4 x 10°? cm/sec: 


1. Pure Ni; 
4. Ni — 0.50% Al; 


2. Ni - 0.025% Al; 
5. Ni - 1.5% Al; 


3. Ni — 0.05% Al; 
6. Ni — 2.93% Al. 
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a lower yield point is observed compared with 
pure Ni, The temperature-yield point curves 
for alloys with 0.025 and 0.05% Al are found 
in a fairly wide range of temperatures per- 
ceptibly lower than the curve for pure Ni. 
Further increase of solid solution concentra- 
tion is accompanied by increase in the yield 
point. For alloys with 1.5 and 2.93% Al the 
yield point is appreciably higher than for 
pure Ni in the whole temperature range 
studied. Particularly strong strengthening 
of the alloys is observed at the lower ten- 
peratures, Thus, at 77°K the magnitude of 
yield point for the alloy with 2.93% Al is 
almost four times that of pure Al. 

In Fig.2 yield point vs solid solution 
concentration curves are shown for two rates 
of deformation differing from each other by 
300 times, From the figure the nature of the 
relationship of yield point to solid solution 
concentration and the softening action of 
smal] quantities of Al alloy are plainly seen; 
yield point concentration curves for two 
deformation rates do not run parallel with one 
another but diverge with increasing Al con- 
tent. This denotes that with increased solid 
solution concentration the yield point defor- 
mation relationship is strengthened. 

A stronger relationship of yield point to 
deformation temperature is observed particu- 
larly at low temperatures, In the low 
temperature range already for solid solu- 
tions with small amounts of Al there is 
a notably greater increase in the yield 
point at lower temperatures than for pure 
Ni. Because of this the softening 
effect at low temperatures is only feebly 
expressed, As the solid solution concentra- 
tion is increased the dependence of the yield 
point on temperature is continuously strength- 
ened. 

As to the change of temperature relationship 
of yield point to solid solution concentration 
the conclusions can be made from the curve in 
Fig. 3. In this drawing the change of dif- 
ference of yield point between -—196 and 100°C 
(o_, 67 7109) in relation to the Al content 
is shown, The temperature rel] ationship of 
the yield point rapidly rises with low Al 
content and more slowly with higher Al con- 
tent. 

Change of yield point with reciprocal of 
temperature curve for low temperatures of 


deformation (from 77 to 600°K) is shown in 
Fig.4. Two peculiarities of the temperature 
relationship of the yield point are plainly 
evident from these curves, Firstly, in the 
600 to 200°K range (approximately) there 
exists a fairly strong linear relation of 
yield point to reciprocal of temperature; 
secondly, at temperatures below 200°K the 
yield point is only slightly dependent on 
temperature, A similar character of change 
of the yield point is observed for iron with 
additions of carbon [20]. 


12 


Q 


Change in scale 


yD 


Yield point, kg/mm 


Wo 20 25 30hA 
Fig. 2. Yield point of Ni-Al solid solution vs. 
Al content curves. 

1. Deformation rate 6.4 x 107? cm/sec. 

2. Deformation rate 2 x 1071 cm/sec. 


For alloys with 1.5 and 2,93% Al a maximum 
yield point is observed in the temperature 
range 700-800°K. For alloys with 2.93% Al 
the maximum is less marked because it is 
masked by increase of yield point at low tem- 
peratures, 


DISCUSSION OF RESULTS 


In the alloys studied, the following basic 
principles of yield point in relation to 
solid solution concentration and deformation 


Nickel-aluminium alloys 


Change in scale 


4 


7-196 199° ke/mm? 


| 


0005 05. 10 15 20 235 JO %A 


Fig. 3. Change of difference in yield point 
between -196 and 100°C vs. Al content 


conditions were established: 

1. There is a strengthening of the solid solu- 
tion when Ni is alloyed with Al. But in the 
low alloy range an initial lowering of yield 
point is observed, 

2. As the Al content is increased the relation 
of yield point to temperature and deformation 
rate is strengthened. The change of yield 
point with temperature is particularly marked 
in the low temperature range, 


kg/mm? 


3. Alloys with 1.5 and 2.93% Al show an 
irregular relation of yield point to tem- 
perature, 

Laws of changes of yield point to alloy 
composition, temperature and deformation rate 
were observed also for the earlier studies 
of Al and Mg alloys and Ni-(u alloys, 
Strengthening of Ni-Al alloys may be connec- 
ted, generally speaking, with increase of 
interatomic forces of cohesion, and variation 
of their macro-structure, But change of 
stability of alloys has been observed already 
in very low Al contents when still, as the 
tests show, [4] change in value of the 
dynamic distortions is practically non- 
existent. Moreover, the yield point depends 
to a large extent on concentration (decreased 
at low concentrations and increased at higher) 
which cannot be explained by variation in the 
interatomic cohesion forces, Al] this leads 
to the assumption that the peculiarities of 
relationship of yield point to A] content in 
Ni and the observed strengthening to a marked 
extent are conditioned by the variation of 
their macro-structure which increases the 
extent of the use of the interatomic cohesion 
forces. 

The observed stronger relationship of yield 
point of the alloys to temperature, which 
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Fig. 4. Relationship of yield point to reciprocal of temperature. 
1. NI — 0.025% Al. 2. Ni - 1.5% Al; 3. Ni — 2.93% Al. 
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does not succeed in explaining the temperature 
relationship of the modulus of elasticity, 
andina similar manner the appearance of an 
irregular relationship of yield strength to 
temperature indicate that with increased alloy 
content the effect of the thermally activated 
processes on the progress of the plastic de- 
formation is increased. 

On the basis of theoretical and experimen- 
tal studies in the literature the following 
fundamental principles can be stated, which 
to a smaller or larger extent may lead to 
strengthening and improving the relationship 
of yield point to temperature and deformation 
rate. 

1. Analysis of temperature relationship in 
alloys of substitution with a face-centred 
cubic lattice has been carried out by Suzuki 
[18]. Basing his considerations on theory he 
came to the conclusion that in these alloys 
two types of clouds of impurity atoms can 
arise around the dislocations: Cottrell 


clouds, associated with elastic interactions 
of the dislocations with impurity atoms and 
clouds of impurity atoms in a defect of 
packing between two extended dislocations, 


In Suzuki’s opinion strengthening of solid 
solution of the substitution of type with 
grain-centred cubic lattice is determined by 
three types of non-uniform distribution of 
impurity atoms: by forming two kinds of 
clouds of impurity atoms around dislocations 
and by the appearance of short range order. 
Variation of the temperature relationship in 
the low temperature range of deformation is 
connected chiefly with the effect of the 
Cottrell atmospheres and at high temperatures 
with the effect of the clouds in the defects 
of the packing. Short range order in Suzuki’s 
opinion does not have an effect on the ten- 
perature relationship of the yield point if 
the degree of short range order is not changed 
thereby with temperature, 

Suzuki compared theoretical considerations 
with experimental data for the alloys Ni-Cu, 
Ag-Au and Cu-Z in wide limits of variation 
of solid solution concentration. Qualitative 
agreement has been established in all these 
alloys between theoretical and experimental 
significance of the yield point but quanti- 
tative agreement has only been seen two or 
three times. These agreements should be 
considered close enough, since variation of 


yield point in these alloys under the in- 
fluence of impurity has much the same order 
of magnitude, 

In substitutional alloys with face-centred 
cubic lattice, the effect of clouds of 
impurity atoms on resistance to deformation 
depends strongly on the average concentration 
of the impurity in the solid solution; there- 
fore the effect of the clouds on the yield 
point in small concentrations of impurity 
will be insignificant, particularly when the 
distortions caused by the impurity atoms are 
not large. On this basis Seeger 19 con- 
siders that low concentrations of impurity in 
these alloys causes only an indirect effect 
on resistance to deformation, through in- 
creased density of dislocation. Hence the 
temperature relationship of the yield point 
will be identical for the pure and the impure 
metals, But in many cases a variation in the 
temperature relationship of the yield point 
is observed already at fairly low impurity 
concentrations. On this basis, it can be 
thought that there are certain other prin- 
ciples which affect the temperature relation- 
ship of the yield points. 

2. Other reasons may exist for the strong 
temperature relationship of yield point in 
alloys. Studies [7] of Al-Cu alloys showed 
that for age-hardened single crystals with 
Guinier-Preston zones a more marked strength- 
ening and a stronger yield point relationship 
in the low temperature range are observed 
than for annealed single crystals, The 
effect of inhomogoneous concentrations on the 
yield point is generally explained by the 
fact that a moving dislocation has to by-pass 
or even disrupt regions with higher impurity 
content [8-10]. 

It is possible that in favourable condi- 
tions of deformation both these processes 
will take place by means of the thermo-dynamic 
energy of the atoms, In this case a strong 
relationship of yield point to temperature is 
observed. 

As far as the alloys investigated by us are 
concerned, there may exist some deviation 
from the static distribution of atoms in the 
solid solution, which does not exclude the 
possibility of the reasons mentioned above 
Playing a definite role in strengthening the 
alloys and intensifying the yield point re- 
lationship. 


3. When observing the yield point of the 
alloys being studied one ought to take into 
account the anomalous dependence of yield 
point on temperature and the rate of defor- 
mation, 

Similar laws were observed first during the 
deformation of metastable solid solutions and 
were usually explained by the decomposition 
of the solid solution at the time of the de- 
formation. But to an irregular dependence of 
deforming stresses on temperature and defor- 
mation rate one can probably assign other 
diffusion processes which occur in alloys 
during deformation under the influence of 
stresses, e.g. variation in the extent of 
short range order, transorientation of pairs 
of atoms or vacancies, uphill diffusion and 
so on, A similar redistribution of atoms can 
occur in small] volumes, where dislocations 
are created or even in the stress fields of 
moving dislocations. They will be accom- 
panied by relaxation of the stresses, decrease 
in the energy of dislocations and at the same 
time an arresting of their movement or crea- 
tion [11,12]. 

Recently, Shoek [13] has examined one of 
the possibilities of local redistribution of 
atoms of dissolved elements in the stress. 
fields of moving dislocations, when these 
atoms cause a disturbance of the symmetry of 
the lattice or when the parameter of the 
lattice depends on the degree of short range 
order, In this case, in the field of the 
moving dislocation there arises a short range 
order which is broken down on account of 
thermal movement on removing the dislocation 
movement, Because of this reconstruction a 
frictional force arises which depends on the 
rate of dislocation movement, With infinitely 
smal] and infinitely rapid dislocation move- 
ment, the arresting force stays equal to zero. 
At a certain critical] rate of dislocation 
movement which depends on the radius of the 
ordered zone and vibrating frequency of the 
atoms, the dislocation will experience a very 
great resistance from the side of the ordered 
zone. 

From this point of view, one can probably 
explain the irregular relationship of deform- 
ing stresses to temperature and deformation 
rate, 

It should be noted, however, that experi- 
mental data existing at the present time does 
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not allow definite conclusions to be drawn 
about the nature of the processes which 
accompany shearing plastic deformation in 
alloys under these or other deformation con- 
ditions, the processes which change the tem- 
perature relationship of the deforming stres- 
ses and the processes which also affect the 
whole behaviour of alloys under load. 

Further investigations, obviously, must be 
directed towards study of those processes 
which occur in alloys during shearing plastic 
deformation, 

Disordering of the alloys under the 
influence of small quantities of impurities 
is difficult to understand from the point of 
view of the more widely distributed disloca- 
tion hypotheses. According to these theories, 
Plastic deformation is then only the movement 
of dislocations since the creation of new 
dislocations occurs during the motion of the 
old ones, The appearance of foreign atoms or 
other distortions of the crystal lattice will 
always only check the movement of the dislo- 
cations, However the hypothesis existing 
formerly allowed the possibility of generating 
dislocations on distortions of the crystal 
lattice [14-16]. These presentations have 
gained greater foundation at the present time, 
because in Gilman’s experiments [17] the pos- 
sibility was actually shown of forming dis- 
locations during plastic deformation, on 
certain defects of the crystal lattice. From 
this point of view disorder of alloys can be 
explained at low concentrations of impurities 
by facilitating the generation of dislocations 
by static distortions of the crystal lattice 
which occur under the influence of atoms or 
groups of atoms of the impurity. This does 
not exclude the possibility of other reasons 
existing, for instance, interaction of the 


impurity. 


CONCLUSIONS 


1. The dependence of the yield point on the 
solid solution concentration temperature and 
deformation rate, for Ni-Al alloys has been 
studied. 

2. Strengthening of the solid solutions takes 
place on alloying Ni with Al, excluding the 
low concentration region where a decrease of 
the yield point is initially observed, 
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3. As solid solution concentration rises the 
dependence of the yield point on temperature 
and deformation rate is strengthened. An 
irregular relationship of yield point to tem- 
perature exists in alloys with 1.5 and 2, 93% 
Al. 

4. Experimental data obtained in the present 
work and also in the study of other alloys in 
previous works, show that the main reason for 
strengthening of alloys in shearing plastic 
deformation is the change in the nature of 
the fine structure of the solid solution which 
leads to a fuller use of the interatomic 
forces of cohesion, 

5. More marked in alloys than in pure metals, 
the change of yield point with temperature and 
with deformation rates and also the phenomenon 
of irregular dependence on the temperature 
show that in the solid solutions studied, the 
thermally activated processes, which occur at 
the time of the deformation, affect the growth 
of shearing plastic deformation. 


Translated by W.J. King 
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RELATIONSHIP OF CREEP OF NICKEL-COPPER ALLOYS TO 
SOLID SOLUTION CONCENTRATION AND 
DEFORMATION CONDITIONS* 

M.G. GAIDUKOV and V.A. PAVLOV 
(Institute of Physics of Metals, Academy of Sciences of the U.S.S.R.) 
(Received 2 August 1958) 


The creep of nickel-copper alloys with 10, 20, 40 and 60% Cu in the 


temperature range 500-700° is studied. 


At high deforming stresses, 


comparable to the yield point and at relatively low temperatures, alloys 
with high yield point have the smallest creep rate. Under small deform- 
ing stresses, appreciably lower than the yield point, and at high 
temperatures the creep rate increases with higher alloy content. The 
difference in behaviour of the alloys with variation of deformation 
conditions is explained by the varying degree of participation of 
shearing and diffusion plastic deformation in the general process. 


The heat resistance of single-phase solid 
solutions depends not only on the concentra- 


tion of alloying elements but also on the test 
temperature and on the rate of deformation, 
Thus, for example Kornilov and Pryakhina [1], 
working with solid solutions of Al-Mg, have 
shown that at low temperatures of deformation 
alloys are more resistant with high Mg content 
but as the temperature is raised, alloys with 
less Mg become more resistant, 

Properties of Al-Mg alloys also depend on 
the deformation rate. Alloys rich in magnesium, 
at high creep rates have a high resistance, 
but at lower rates, the resistance approaches 
that of pure aluminium [2]. 

In this way, it can be seen from the example 
of study of the heat resistance of Al-Mg alloys 
relative to deformation conditions, that at 
low temperatures and high creep rates, alloys 
with high concentration of impurity have the 
greatest resistance whereas at high tempera- 
tures and low creep rates, alloys with a low 
impurity concentration are more resistant. 

This characteristic variance of the heat 
resistance of alloys with deformation con- 
ditions, can be explained, it seems, by a 
change in the part played by shearing and 


* Fiz. metal. metalloved. 8, No.3, 426-433, 1959. 


diffusion deformation [2]. 

In the present work the creep of nickel- 
copper alloys of various compositions is 
studied. 

This alloy system is characterized by the 
fact that with rise of solid solution content 
the amount of static distortion increases as 
the copper is increased to 40 per cent and 
then decreases; the critical temperature and 
modulus of elasticity fall in the whole range 
of concentrations [3,4]. The critical tem- 
perature depends on the thermal and mechani- 
cal treatment [3]. This, apparently, is 
connected with variation in the degree of 
short range order (the K-state) which may 
arise in nickel-copper alloys [5,6]. 

The yield point and temporary resistance 
increase as the copper content is increased 
up to 40 per cent and then they decrease, 
Simultaneously with an increase in the resis- 
tance of the alloys, the relationship of 
yield point to deformation temperature is * 
strengthened [7-9]. The observed principles 
of change of the mechanical properties with 
solid solution concentration and deformation 
temperature in the alloys studied cannot be 
explained merely by changes in the inter- 
atomic cohesion forces, 

Strengthening of the alloys, as the tests 
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show is connected with peculiarities in their 
fine structure, Change of the yield point 
with solid solutio concentration coincides 
with the change in the static distortions of 
the crystal lattice, caused by impurity atoms. 
This shows that in the case stated static dis- 
tortion is one of the reasons for strengthen- 
ing of the alloys. Also it is probable that 
the unsymmetrical distribution of atoms 
through the volume of the solid solution 
plays a not unimportant r6éle in increasing 
the yield point: the formation of atmospheres 
of impurity atoms around the dislocation and 
the appearance of short range order. All 
these factors increase the coefficient of 
utilization of the interatomic cohesions 
forces. 

Strengthening of the temperature relatia- 
ship of the yield point in alloys compared 
with pure nickel shows that in nickel-copper 
solid solutions to a large extent the effect 
is that of thermally activated processes of 
the interaction of the moving dislocation, 
e.g. with atoms or groups of impurity atoms 
[9,10]. 

The aim of the present studies was to find 
out the effect of change of composition in 
the alloys of the Ni-Cu system on their 
behaviour under creep conditions, when plas- 
tic deformation is brought about chiefly by 
shearing or diffusion mechanisn, 


MATERIALS AND INVESTIGATION METHODS 


The nickel-copper alloys were melted in the 
prec?sion alloy laboratory of the Institute 
of the Physics of Metals in ah,f, furnace 
under a vacuum of 1075 mm Hg. The starting 
materials were electrolytic nickel mark 
NOOOO (99.99% Ni) and electrolytic copper 
with overall impurity content of not greater 


than 0.05 per cent (of which 0.02 per cent 
was oxygen). 

The nickel and copper were melted before- 
hand in a vacuum to expel any gases present. 
The ingots were forged into rods of diameter 
18 mm from which samples were turned with 
the headers cut off. The diameter of the 
working section of the sample was 6 mm, the 
length of the test section was 50 mm, The 
samples were annealed at specially selected 
temperatures in the range 800-900° so as to 
obtain approximately identical grain size in 
all the alloys. The experiments were carried 
out on the TsKTI-2 machine, The temperature 
during the experiments was maintained constant 
within the limits + 2° and was measured with 
2 thermo-couples attached to the samples. 

The time for testing the samples was as much 
as 500 hr in some cases, 


RESULTS OF THE TESTS 


In order to study the behaviour of alloys 
under load in conditions of shearing or dif- 
fusion plastic deformation, the temperature 
and magnitude of the deforming stresses were 
selected accordingly. 

In order to obtain predominantly shear 
plastic deformation during the period of 
creep, the experiments were conducted at 
relatively low temperatures and high deform- 
ing stresses commensurable with the yield 
point, Diffusion plastic deformation could 
predominate at high temperatures and low 
stresses. 

Yield point of pure nickel and Ni-Cu alloys 
is shown in the table [9]. 

In Figs. 1-3 curves are shown of deformation 
changes obtained at the moment of loading and 
for a specified period of creep against alloy 
contents at a temperature of 500° and effec- 


TABLE 1 


Yield point (kg/mm) for Ni-Cu alloys 


(Copper content, %) 


10 


20 40 


4.5 
4.2 
4.0 


6.3 7.5 
5.6 6.8 
4.9 6.0 
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tive lofds corresponding to 9, 2 and 5 ke/mm2, 


4,0 


a 20 40 60 


Fig. 1. Relationship of creep elongation at a 
temperature of 500° and stress of 9 kg/mm to alloy 
concentration for various testing times: 
1. deformation at the moment of loading; 
3. Shr; 4. 100 br; 5. 150 br. 


40 


OY 


2. 10 hr; 


10 20 UL 60 


YoCu 


Fig. 2. Relationship of creep elongation at a 
temperature of 500° and stress of 2 kg/mm to alloy 
concentration for various testing times. 

1. 50 hr; 2. 200 hr; 3. 500 hr. 


Under a load of 9 ke/mm2 which exceeded the 
value of the yield point for all the alloys, 
an appreciable amount of plastic deformation 


occurs already at the moment the load is 
applied. As the duration of the experiment 
is extended, so the deformation gradually 
increases but the character of the solid 
solution content plastic deformation curve 
does not change, For all ranges of creep, 
the extension at first decreases with in- 
creased copper content, reaches a minimum in 
the 40% Cu alloy, and then starts to increase, 
Hence the 40% Cu alloy has the lowest creep 
rate, (See Fig.1). In this case the creep 
of pure nickel could not be studied since its 
yield point was too small, 

It is interesting to compare the change of 
deformation of the creep and yield point in 
relation to the alloy content. It seems that 
in a given case, the elongation obtained for 
a given period of time, or, in other words, 
the creep rate, bears an inverse relationship 
to the yield point. At first the yield point 
rises with increased solid solution content 
and the creep elongation falls. In 40% Cu 
alloys the yield point reaches a maximum value 
and the elongation a minimum. As the added 
metal concentration is further increased, the 
yield point falls and the elongation in- 
creases, 

Consequently, in these deformation con- 
ditions, the heat resistance of alloys of 
different concentration is determined by the 
level of the yield point. The higher the 
yield point, the greater the heat resistance 
of the alloys, 

This relationship between yield point and 
creep rate is explained by the fact that with 
large deforming loads and therefore, appreci- 
able deformation rates, plastic deformation 
at low temperatures is brought about by «= 
predominantly shearing mechanism, Because of 
that, the yield point as a characteristic of 
the resistance to the plastic shearing defor- 
mation for normal elongation maintains a 
significance also for creep. 

Another picture is observed for creep under 
a load of 2 kg/mm’ (Fig.2). In this case the 
smallest elongation and thus the lowest creep 
rate is observed for the 10% Cu alloy. This 
load is considerably lower than the yield 
strength of all the alloys, so the plastic 
deformation probably proceeds as a predomi- 
nantly diffusion mechanism, through diffusion 
of copper atoms under the influence of thermal 
movement and the application of external 
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loads. Consequently the higher value of the 
elongation in alloys with a greater copper 
content in comparison with 10% Cu alloys is 
apparently connected with higher intensity of 
the diffusion processes within the volume of 
the grains. As the solid solution content 
rises so the number of copper atoms taking 
part in the diffusion rises besides which the 
diffusion and auto-diffusion rate rise because 
the inter-atomic cohesion forces decrease with 
increased copper content, 

The resistance of pure nickel is lower than 
that of the 10% Cu alloy. In pure nickel 
plastic deformation may proceed both by a 
shearing mechanism (so long as the deforming 
loads are close to the yield point), and also 
probably to an appreciable degree along the 
grain boundaries. 

The grain boundaries in alloys of all con- 
centrations are strengthened as the tests 
show. [11]. Hence the higher resistance of 
the 10% Cu alloy compared with nickel can 
presumably be explained by the grain boundary 
strengthening and the higher resistance of 
the deformation shear, The intermediate case 
of the relationship of creep to concentration 
of alloys is observed when the deforming 
loads equal 5 kg/mm’, Here plastic defor- 
mation proceeds apparently by both the shear- 
ing and the diffusion mechanism (Fig.3). A 
fairly large plastic deformation at the 
moment when the load is applied is obtained 
only with the 10% Cu alloy, where as it is 
appreciably less in alloys of higher copper 
content. The dependence of the magnitude in 
alloys of higher copper content, The depen- 
dence of the magnitude of deformation on the 
alloy content corresponds to the development 
of plastic shear deformation. But the dif- 
ference in properties among alloys from 20 
and 40% Cu was noticeably lowered, which fact 
evidently is connected with stronger occurrence 
of diffusim plastic deformation in the 40% 
copper alloys, 

Similar principles are observed in the 600° 
temperature range at deforming stresses of 
5 kg/mm, (Fig. 4). 

The 20-40% copper alloys have the smallest 
elongations. But because of the great inten- 
sity of the diffusion plastic deformation the 
creep rate of the 60 per cent copper alloy 
approximates that of the 10 per cent copper 
alloy. 


10-20 


Fig. 3. Relationship of creep elongation at 500° 
and 5 kg/mm load to alloy concentration for 
various testing times: 

1. deformation on loading; 2. 
4. 150 hr. 


50 hr; 3. 100 hr; 


10 20 40 60 


a %o Cu 


Fig. 4. Relationship of creep elongation at 600° 
and 5 kg/mm” load to alloy concentration for 
various testing times: 


1. 10 br; 2. 50 hr; 4. 150 hr. 


3. 100 hr; 
alloy. 

Lowering the stress to 2 kg/mm? (Fig.5) is 
accompanied by change in the relationship of 
elongation to concentration corresponding to 
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the picture of the development of diffusion 
plastic deformation, The 10 per cent copper 
alloy has the greatest resistance. Raising 
the temperature of deformation from 500 to 
600° intensifies the occurrence of the dif- 
fusion processes, hence the deformation in- 
creases appreciably approaching the time when 
creep begins; the difference in the defor- 
mation, between the 10 per cent copper alloy 
and alloys of higher copper content is in- 
creased because of a softening of the alloys 
rich in copper (compare Fig, 2). 

Similar results however, from a qualitative 
angle were obtained at a temperature of 700°. 

According to test results of several samples 
of each alloy in similar conditions (test tem- 
perature and stress) mean deformation rates on 
a fixed section of the creep curve were cal- 
cul ated. 

Figs. 6 and 7 show these data in logarithmic 
co-ordinates of deformation vs, alloy compo- 
sition at temperatures of 500, 600 and 700° 
and two deforming stresses, It can be seen 
from Fig.6 that with a stress of 5 kg/mm2 and 
temperature 500° the 20-40% copper alloys 
have the lowest deformation rate, i.e. alloys 
with the highest yield point, 


Lu 


NM 
Fig. 5. Relationship of creep elongation at 600° 


and 2 kg/mm load for various loading times: 
1.50 br; 2. 100 hr; 3. 200 hr; 4. 300 hr. 


Raising the testing temperature from 600 to 


700° still does not change the character of 
this relationship, but in the 700° tempera- 
ture range the deformation rate of the 20-40 
per cent copper alloys remains equivalent to 
that of 10 per cent copper. These changes, 
it seems, are connected with the increased 
part played by diffusion plastic deformation 
in the high temperature range in copper-rich 
alloys. 


LOE 


Yolu 
60 


Fig. 6. Relationship of the logarithm of the creep 
rate to concentration of Ni-Cu alloys with load of 
5 kg/mm? and temperatures: 1-500°; 2-600°: 3-700°. 


Under the influence of a stress of 2 kg/mm? 
(Fig. 7) in all temperature ranges studied 
the above-mentioned principle is observed for 
small] stresses. The deformation rate of 10 
per cent copper alloys appears to be the 
smallest compared with that of alloys of 
higher copper content, 

It is necessary to note also that at 500° 
experimental data on creep tests agree with 
results of experiments on relaxation of 
stresses carried out earlier on these same 
alloys. [12]. j 

In Fig.8. for comparison, values of external 
stresses are showm as those remaining after 
relaxation of 84 hr for two initial stresses 
O,, 2 and 4 kg/mm, With the higher initial 
stress (4 kg/mm?) the residual stress in the 
10 per cent copper alloy was less, hence the 
rate of relaxation of this alloy was greater 
compared with that of the 20-40 per cent 
copper alloys. With initial stresses of 
2 kg/mm? conversely, the 10 per cent copper 
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alloy had a lower rate of relaxation, Thus, 
despite the difference in methods of testing 
for creep and for relaxation of stresses the 
relationship of resistance to composition of 
an alloy and to deformation conditions appears 
to be qualitatively identical. 


CGE 
o kg/mm” 


10 20 40 


Yolu 
62 


Fig. 7. Relationship of the logarithm of creep 
rate to concentration of Ni-Cu alloys with load of 
2 kg/mm? and temperatures: 

1. 500°; 2. 600°; 3. 700°. 


Pg 


10 20 40 


Yo li 


Fig. 8. Relationship of the residual external 
stresses in the alloys after tests on relaxation 
of stresses for 84 hr at 500°: 

1. = 2 ke/mm?; 2. 4 kg/mm. 


CONCLUSIONS 
1. The creep rate of nickel copper alloys in 


the temperature range 500-700° depends on the 
composition of the alloy and on deformation 
conditions, 

2. At relatively low temperatures and high 
deformation stresses commensurate with the 
yield point at which the deformation in all 
probability proceeds primarily by a mechanism 
the creep rate is inversely dependent on the 
yield point. The higher the yield point the 
lower the creep rate. Under these deformation 
conditions the 40 per cent copper alloys have 
the highest resistance. 

3. In the high temperature range and at 
fairly low deforming stresses, appreciably 
less than the yield point the deciding fac- 
tors are the diffusion processes which occur 
under loading. In this case creep rate 
increases with increasing solid solution 
content, 

4. In the general case the behaviour of 
alloys under loading is determined by the 
part played by shearing and diffusion plastic 
de formation, 


Translated by W.J. King 


REFERENCES 


. L.I. Kornilov and LII. Pryakhima, Dokl. Akad. 
Nauk. SSSR., 87, No.6, 971 (1952). 

. M.G. Gaidukov and V.A. Pavlov, Fiz. metal. 
metalloved. 7, NO.2, 254 (1959). 

. N.I. Noskova and V.A. Pavlov, Fiz. metal. 
metalloved. 6, No.2, 334 (1958). 

. V.A. Pavlov, N.F. Kryuchkov and I.D. Fedotov, 
Fiz. metal. metalloved. 5, NO.2, 374 (1957). 

. H. Thomas, Z. Phys., 129, 219 (1951). 

. W. Koster and W. Schule, Z. Metall., 48, 592 
(1957). 

. E. Osswald, 
(1933). 

. W. Broniewski, S. Kulesza, Metaux a. Cor- 
rosion, 12, No.140, 67 (1957). 

. V.A. and Pavlov and I.AO Pereturina, Fiz. 
metal. metalloved. 6, NO.4, 717 (1958). 

. A.V. Grin’, V.A. Pavlov and JI.A. Pereturina 
Fiz. metal. metalloved. 5, No.3, 493 (1957). 

. V.I. Syutkina and E.S. Yakovleva, Fiz. metal. 
metalloved., 7, No.5 (1959). 

. M.G. Gaidukov and V.A. Pavlov, Fiz. metal. 
metalloved. 6, NO.3, 517 (1958). 


Z. Phys., 83, No. 1-2, 55 


| 


SOME PECULIARITIES OF TRANSFORMER STEEL 
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The formation of a recrystallization texéure in transformer steel 


was studied in relation to the rate of heating of samples by an 


electric current or in a salt bath. 


The highest heating rate was 


1000-1100°/sec. It was shown that the first stage of recrystal- 


lization has a texture similar to the deformation texture. During 
the subsequent development of recrystallization this texture is 


gradually replaced by another generally observed in transformer 


During a study of the mechanism of the 
nucleation of recrystallization, the question 
which arises above all others, is that con- 
cerning the structure of those regions of the 
deformed crystal in which the nucleation rate 
of new grains is a maximum, Investigators 
usually strive to obtain these data by com- 
paring orientation distribution of new grains 
with the orientation distribution of partic- 
les of the deformed crystal [1]. 

However, investigations which have been 
carried out up to the present time, as a rule, 
were done at smal] rates of heating and for 
rather long holding times. Moreover, collec- 
tive recrystallization may have occurred in 
the material in the process of which an 
essential change in the character of the 
orientation distribution of the grains is 
possible. This may lead, in particular, to 
an incorrect conclusion about the relative 
orientation relationship of recrystallization 
nuclei with the deformed crystal portions. 

To obtain more reliable data it is expedient 
to conduct studies on the orientation of re- 
crystallization nuclei obtained by high 
heating rates such as can be obtained either 
by passing an electric current through 
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steel when it is isothermally annealed. 


samples or by heating thin samples in a salt 
bath. 

Similar studies are also interesting from 
the point of view of studying the peculiari- 
ties of recrystallization at high heating 
rates by the electric current. To explain 
high recrystallization rates which are 
observed in this case an assumption is made 
concerning the non-uniform heating of micro- 
particles which have different specific 
electrical resistance [2, 3]. The influence 
of the electric current on the nucleation of 
recrystallization if in a given case it takes 
place, apparently, can be observed from the 
variation of the character of the orientation 
distribution of new grains. 

It is expedient to use a high rate of 
heating also to study the process of the 
formation and development of the recrystal- 
lization texture particularly in transformer 
steel. In this case reliable information can 
be obtained about the texture arising in the 
first stage of recrystallization and the 
nature of its further development, 

On the basis of much work devoted to the 
study of the recrystallization texture of 
transformer steel, it can be considered an 
established fact that this texture depends on 
previous deformation not only for sharpness 
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but also for its type. For large deformations 
where the reduction is 90-95 per cent, Barret, 
Anse] and Mehl] [4] have established by the 
X-ray diffraction method that the recrystal- 
lization texture is characterized basicly of 
two predominant orientations, 

1. The plane of type {100} parallel to 
the plane of rolling, direction of type 

<011> makes an angle of 17° with the 
direction of rolling, 

2, The plane {112} parallel with the plane 
of rolling and the direction <011 > making 
an angle of 17° with the direction of rolling 
(RD). 

These orientations can be expressed in the 
following manner: 


1. {100}, (011) ~ !7° with RD 
2. {112}, <O11) ~ 17 with RD 


The said authors also note that there is a 
third predominant orientation, not so easily 
perceptible. 


3. {111}, (112). 


They came to the conclusion also that this 
type of recrystallization texture does not 
depend on the total reduction in the 60-95 per 
cent range. 

But, Bozorth [5] and Burwell [€] also study- 
ing the recrystallization texture by X-ray 
diffraction methods of transformer steel 
prepared by Goss’s method, came to the con- 
clusion that it can be characterized on the 
basis of one principal orientation of type 
{110}, (O11),i.e. the plane {110} parallel 
to the plane of rolling and direction <001> 
parallel to the direction of rolling. 

Yakovleva [7] studied the recrystallization 
texture by an optical method, for a 67 per 
cent reduction of transformer steel. Her 
results were in agreement with those of 
Bozorth, 

Grigorov and Izbranov [8] also by an optical 
method determined the recrystallization tex- 
ture in transformer steel, both for larger 
deformations — 95 per cent and for smeller — 
75 per cent, According to their data for 
large deformations the first orientation in- 
dicated by Barret ({100}, < 011) ~ 17°) is 
expressed appreciably more strongly than the 
second ({112}, 17>). With a defor- 


mation of 75 per cent their results coincided 
with those of Yakovleva, 

It has also been found by a magnetometric 
method that the character of the magnetic 
anisotropy changes as the deformation in- 
creases on rolling prior to recrystal lization. 

All the above tests were carried out on 
transformer steel which had been given an 
isothermal recrystallization anneal. The 
annealing time was several hours in the 
various cases, The aim of the present work 
is to study the formation and development of 
the recrystallization texture of transformer 
steel at high heating rates. 


MATERIALS AND MEASURING METHODS 


Transformer steel with a silicon content of 
3.54 per cent served as material for the 
tests. The reduction was 75 per cent in one 
case and 95 per cent in the other. Samples 
in the form of small bars 15 x 100 mm with a 
thickness of, 0.25 mm were heated without any 
holding time by an electric current. Other 
samples of thickness 0.11 mm were heated to 
the desired temperature, The samples were 
cooled in air. 

The temperature of the samples during 
heating with the electric current was measur- 
ed by means of a ballistic galvanometer con- 
nected to the metal of a thermocouple. Al] 
experiments on heating the samples by the 
electric current were conducted on the 
apparatus of Rodigin [10]. 

The microstructure in the recrystallized 
samples was studied and the texture was 
determined by X-ray diffraction. A special 
camera was prepared for radiography which 
permitted the sample to be displaced during 
exposure in two mutually perpendicular 
directions, 


RESULTS OF THE TESTS 


In Figs. 1, 2 and 3 X-ray diffraction 
patterns are shown corresponding respectively 
to a cold-deformed sample, one recrystallized 
by heating by the current to 770° at the rate 
of 1100°/sec. and one recrystallized in a 
salt bath by holding it at 770° for a period 
of about 2 sec, 


Fig. 1. X-ray diffraction pattern of cold- 
deformed sample. 


Fig. 2. X-ray diffraction pattern of sample re- 
crystallized by heating with a current at a rate 
of 1100°/sec to a temperature of 770°. 


The reduction of these samples was 75 per cent. 
In Fig.4 an X-ray diffraction pattern of a 
sample reduced 95 per cent and recrystallized 
in a salt bath at a temperature of 725° is 
shown, Time held at this temperature was 
about one second, In Fig.5 is shown the 
structure of a sample which is obtained by 
this method of recrystallization, From Fig.5 
it can be seen that the first stage of re- 
crystallization has already set in, and the 
whole volume of the sample is filled with new 
equiaxed grains, 

Comparing Figs. 1, 2, 3 and 4 it is easy to 
note that in these conditions of experiment, 
independent of the method of heating, the 
orientation distribution of new grains 
in recrystallized samples corresponds to the 
orientation distribution of portions of the 
deformed material. In other words, the 
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texture of the first stage of recrystalliza- 
tion corresponds to the deformation texture. 

But it is known, that the deformation tex- 
ture remains unchanged in the polygonization 
process [11] which is shown more precisely 
when course-grained samples are annealed 
predominantly those given only slight defor- 
mation, In poly-crystalline, heavily-deformed 
metals clearly, defined polygonization before 
recrystallization is not usually observed 
[12]. 

In our experiments the material was heavily 
deformed, hence the structure shown in Fig.5 
more likely exhibits not sub-grains or blocks 
(which are.not equiaxed) but new equi-axed 
grains arising as a result of the first re- 
crystallization stage. 


Fig. 3. X-ray diffraction pattern of sample 
recrystallized in the salt bath at a temperature 
of 770°; held for about 2 sec. 


Fig. 4. X-ray diffraction pattern of sample 
recrystallized in the salt bath at a temperature 
of 725°; held for 1 sec. 
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the recrystallized samples x 320. 


Fig. 6. X-ray diffraction pattern of sample 
recrystallized in the salt bath at a temperature 
of 725°; held for 1 min. 


Comparing the diffraction patterns of 
Figs. 1 and 2, we may conclude that the 
recrystallization texture in the case (Fig. 2) 
is expressed even somewhat more strongly than 
the deformation texture (Fig.1). This 
strengthening of the texture at the beginning 
of annealing of the deformed samples was 
observed by Grigorov [13] by means of the 
magnetometric method, But he explained this 
strengthening as a process of recovery and 
not as the first recrystallization stage. 

On increasing the annealing time in the 
salt bath and as the recrystallization 
process progresses, a gradual break-up of the 
first texture takes place and it is replaced 
by a new texture, the one usually observed in 
transformer steel recrystallized by isothermal 
annealing for long periods. 

At a certain period in the recrystallization 
process such a condition is reached that 
almost complete absence of a texture is 


revealed. In Figs. 6 and 7 X-ray diffraction 
patterns are given for samples, reduced 

95 per cent and recrystallized in a bath at 
725° with holds of 1 min and 5 hr. By holding 
for 1 min there is almost an recrystallization 
texture corresponding to the type of deforma- 
tion condition but a new texture is not yet 
produced to any marked extent. After anneal- 
ing for a period of 5 hr intensity maxima can 
be plainly seen on the X-ray diffraction 
pattern corresponding to a new texture, 


Fig. 7. X-ray diffraction pattern of a sample 
recrystallized in the salt bath at a temperature 
of 725°; held for 5 hr. 


Fig. 8. X-ray diffraction pattern of a sample 
recrystallized by heating with electric current 
at the rate of 840°/sec to 1170°. 


As the annealing temperature is raised when 
the samples are heated by the electric current 
the nature of the texture change is similar 
to that obtained with longer periods of 


annealing in the salt bath. In Fig.8 an 
X-ray diffraction pattern is shown of a 
sample reduced also by 95 per cent and recrys- 
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tallized by heating with the current at arate of 
840° sec to 1170°, On the X-ray diffraction 
pattern it is clearly seen that the type of 
recrystallization texture is the same as that 
obtained by annealing in the salt bath for a 
period of 5 hr, 

This is probably explained by the fact that 
despite the short interval of time to heat to 
high temperatures the recrystallization 
develops so rapidly that it is practically 
impossible to capture the first stage of 
formation of a texture, 


X-ray diffraction pattern of sample 
held for 


Fig. 9. 
recrystallized at a temperature 1000°: 
1 hr. 


In Fig.9 an X-ray diffraction pattern is 
shown of a sample reduced 95 per cent and 
recrystallized by heating in the usual fur- 
nace (in a vacuum) at 1000° for a period of 


1 hr. Comparing Fig.9 with Figs. 7 and 8 one 
may conclude that the nature of the recrystal- 
lization texture in these samples is fundamen- 
tally the same, 

In all the X-ray diffraction patterns the 
rolling direction is vertical. 


CONCLUSIONS 


From the results obtained, the following 
conclusions can be made: 
1. Textures of two types are observed in the 
recrystallization of transformer steel. 
2. When heavily deformed transformer steel is 
recrystallized (with a clearly defined defor- 
mation texture) those recrystallization 
nuclei whose orientation coincides with that 
of the particles of the deformed crystal are 


most likely to be produced. Hence the 
texture of the first stage of recrystal- 
lization is similar to that of deformation 
texture, 

3. As the process of recrystallization pro- 
gresses further, this pattern is replaced by 
another which is usually observed in trans- 
former steel after isothermally annealing. 
4. The indicated rates of electrical heating 
and density of current, do not show a marked 
effect on the mechanism of the formation of 
new grains from the point of view of orien- 
tation relations. 

5. High rates of recrystallization which are 
observed for rapid heating by the electric 
current or by heating thin samples in a salt 
bath are connected it seems, with the fact 
that to a significant extent the interval of 
recovery before recrystallization is decreased; 
also, it is possible that there is less re- 
distribution of impurities. 

6. When transformer steel is heated rapidly 
to high temperatures by the electric current 
(above 1000°) a recrystallization texture 
arises substantially similar to that of re- 
crystallization by isothermal annealing. 


Translated by W.J. King 
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INTERNAL FRICTION OF METASTABLE SOLID SOLUTIONS* 


B.G. LIVSHITS, Iu.S. AVRAAMOV, V.B. OSVENSKII, S.0. MEBZENNAIA AND 
L.N. BELIAKOV 


-Experimental results of work on the study of solid solutions of differ- 


ent composition are given. 


It is shown that phase transformations in 


alloys can be investigated by means of the method of internal friction 
even in cases in which the difference between the atomic diameters of 
the solvent and the dissolved element is small. 


The feasibility of a effective use of the 
method of intemal friction in investigating 
phase transformations of metals and alloys 


has been mentioned in a number of works [1, 2]. 


The majority of them are associated exclusi- 
vely with the study of the processes of ageing 
of different alloys possessing a structure of 
interstitial solid solutions, In this case 
the method of internal friction is exception- 
ally sensitive structurally, and cm be used 
for determining the change in the composition 
of solid solutions [3-5] in the course of 
their phase evolution, 

Attempts have also been made to apply this 
method to investigations of phase transfor- 
mations which take place during the heat 
treatment of alloys with the structure of a 
substitutional solid solution, In the course 
of his researches on brass (30% 2), Ke Tin- 
sui [5] obtained a characteristic peak due to 
relaxation conditioned by the migration of 
zinc atoms in the field of elastic stresses, 
A similar effect was observed by Nowick [7] 
in connexion with a silver-zinc alloy, The 
difference in atomic diameters in the latter 
case is greater than in the case of a copper- 
zinc alloy, and the effect is corresponding- 
ly greater, It is shown by the authors of 
this work that the extent of the effect 
depends on the difference between the atomic 
diameters of the dissolved component and the 
solvent: the greater the difference, the 
greater the effect. A likely mechanism of 
relaxation in substitutional solid solutions 


® Fiz. metal. metalloved. 8, No.3, 440-448 1959. 


has been suggested by Zener [6] and Nowik [7] 
The method of internal friction was also used 
in investigating the process of the formation 
of an ordered arrangement of B -brass [9], 
and iron with 16% aluminium [8]. The authors 
showed that the behaviour of a solid solution 
in a perfectly ordered state is the same as 
that of pure metal, its internal friction 
being a gradually increasing function of the 
temperature, When measuring the intemal 
friction of alloys in a disordered condition, 
the effects resulting from relaxation con- 
ditioned by the migration of the dissol ved 
atoms in the field of elastic stresses are 
observed in the temperature relation of in- 
ternal friction, In each case the difference 
between the atomic diameters of the solvent 
and the dissolved component (structural 
factors) was found to be considerable. 

It was, therefore, assumed that the method 
of internal friction could also be applied to 
investigations of substitutional solid 
solutions, provided their structural factor 
was high enough, Obviously, this concept 
requires elucidation, Even in cases in which 
the difference between the atomic diameters 
is small and the content of the alloying 
element low, a relaxation peak connected with 
the presence of that element in a solid 
solution, can appear on the temperature 
relation, provided there is a tendency in the 
system towards a change in the structural 
condition, i.e, when that system is in a 
state of metastability (for example, a ten- 
dency towards orderliness, or phase separation, 
or formation of K-state). 
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Fig. 1 


Element content in % 


Ni 


0. 36 75.1 
0. 16 74.5 
0. 24 75.3 
24. 15 75.0 
22.50 76.8 
2.95 74.5 
18.80 76.0 


Traces 


0.037 
1. 34 0.037 
2.77 0.040 
~ 0.0094 
1.04 0.0094 
3. 08 0.0093 
5.15 0.0092 


The assumption is borne out by the results 
of the experiments given below, 

The method of measuring the temperature 
relation of intemal friction was used in 
investigating Ni,\n alloy of a stoichiometric 
composition and the alloys of a similar 
composition with molybdenum, with the content 
of the latter amounting to 1.34 and 2.77 per 
cent. The same method was also used when 
investigating the Ni,Fe type of alloys, with 
and without molybdenum, as well as a alloy 
of the EI1437A type (nimonic), 

The chemical composition of the alloys 
examined is recorded in the table above, 

The measurement of internal friction was 
carried out on a wire specimen 300 mm long and 
0.7 mm in diameter by means of a vacuum re- 
laxator. 

Nigvn is an alloy assuming an ordered 
arrangement, its Kumakov point being in the 
neighbourhood of 350° [10,11). Two peaks A 
and B with their maxima at 120° and 290° 
(fig. 1) were revealed on the temperature 
relation of internal] friction of Ni 
quenched from a temperature above that of the 
formation of an ordered arrangement, 

The maximum height of the peaks above the 
base was 21 per cent. In form, they were 
washed out maxima, 

In its quenched condition, Ni,wn is a solid 
solution assuming an ordered arrangement. The 
atoms of nickel and manganese are statistic- 
ally distributed over the crystal lattice 
points, the solid solution being in a state of 
metastability resulting from the high level of 
free energy of the system, An increase in the 


degree of orderliness should result in a 
lowering of the level of rree energy, During 
the determination of internal friction a 
quenched alloy does its best to lower the VO) 
level of free energy by forming an ordered 8 
arrangement in the stress field, This process 19! 
has its fixed times of relaxation for each 
atom taking part in the formation of an 
ordered arrangement, and results in the 
appearance on the curves of the temperature 
relation of internal friction of two peaks 
which can be suitably termed ‘‘the peaks of 
metastability during the period of formation 
of an ordered arrangement,” 

The emergence of the effects in the case of 
a comparatively small structural factor - 

(the difference in atomic diameters of nickel 
and manganese is small) — is evidently con- 
nected with the relaxation which is taking 
place in torsional] vibrations, this relaxation 
being due to the movement of nickel and man- 
ganese atoms as they strive to depress the 
common level of free energy. In such a case 
an increase in the degree of adjustment in 
the course of tempering should lead to a 
decrease in the size of peaks of metastability, 
whilst on attaining a complete order there 
should take place uniform fading away of 
internal friction with the temperature. 

Such a result, experimentally obtained, is 
illustrated in fig.1. After a temper at 320° 
lasting fifteen min, the size of the peaks 
A and B decreased from 21 to 14 per cent, 

On raising the period of tempering to twenty 
min, their size was reduced to 9.5 per cent, 
and after a half hour temper, the peaks 


108 
Alloy 
No. 

1 0.15 
2 0.08 
3 0. 17 

4 
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6 
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Fig. 1. Effect of heat treatment on temperature relation of internal 


friction of alloy: 


1. Quenching; 2. Quenching — temper. for 15 min; 3. Quenching — 
temper. for 20 min; 4. Quenching — temper. for 30 min. Frequency 


0.5 c/s. 


disappeared. Furthermore, on increasing the 
period of tempering the level of internal 
friction fell. These facts confirm our 
assumption that A and B have a connexion with 
the orderly disposition of the atoms and 
represent peaks of metastability during the 
process of the formation of an ordered 
arrangement, The absence of any connexion of 
the peaks with the presence of carbon in the 
alloy, as well as their non-deformational 
origin, are verified by the following experi- 
ment, 

The peaks A and B are preserved in the ten- 
perature relation of internal friction in the 
case of the deformed (to the extent of 75 per 
cent) Ni,Mn alloy, the common level of inter- 
nal friction at the same time rising consider- 
ably (fig.2). The presence of the deformation 
peak D can similarly be attributed to the 
state of metastability. The system of a de- 
formed metal posses a higher level of free 
energy in comparison with the state of re- 
crystallization. For this reason the field 
of elastic stresses causes additional relaxa- 
tion - (with its collection of relaxation 
periods) -— due to the change of position of 
the atoms striving to depress the level of 
free energy. 

There is an additional peak C with its 
maximum at 316° in the carburized Ni,Mn alloy 
(containing 0.35% C). The emergence of this 


peak is explained by the diffusion of carbon 
atoms into the field of elastic stresses, In 
this instance peak A retains its shape and 
value and peak B does not appear at all, 
apparently owing to the rapid rise of the 
curve of internal friction due to the diffusion 
of carbon atoms under stress. 
Q wo" 
YO- 
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Fig. 2. Effect of deformation on internal 
friction of Ni,Mn alloy. Frequency 0.5 c/s. 


The same diagram illustrates the influence 
of heat treatment on the temperature varia- 
tion of internal friction, These results 
bear out the results earlier arrived at. 

The study of the effect of the alloying of 
Nin solid solution with molybdenum has 
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T T T T 
22,5 Carburized specimen 
(content 0.35% C) 


-«-o. Carburizing and 
200}- separation of carbide 


of carbide and temper. 
30 min. at 350° 


Carburizing, separation 


to 200 


Fig. 3. Effect of carbon content on temperature relation of internal 
friction of Ni,Mn alloy. Frequency 0.56 c/s. 


shown that two other maxima, M and C, appear 
on the temperature relation of internal 
friction at the temperatures of 52° and 316° 
(see fig.4). The maxima at 120° and 290° are 
Slightly displaced in temperature and decrease 
in size. In our study of the temperature 
relation of internal friction of Ni,Mn with- 
out molybdenum, the peak at 316° was found to 
be due to the diffusion of carbon atoms into 
the field of stresses, but it only appeared 
when the carbon content of the alloy was 
sufficiently high (tenths per cent). In the 
case of Nigvn alloyed with molybdenum, the 
peak at 316° emerges when the entire content 
of carbon is only 0.037%. This carbon origin 
of the peak is confirmed by the fact that the 
height of the peak at 316° rises simultaneously 
with the raising of the carbon content to 

0. 23%. 

The appearance of a maximum at 316° in Ni 
alloyed with molybdenum when the content of 
carbon is low can be explained according to 
the pattern suggested by Ke Tin-sui [12, 13]. 
Upon the introduction of molybdenum into the 
solid solution of Ni gwn - (it is hypothetically 
assumed that the oiek at 52° is due to the 
diffusion of the atoms of molybdenum in the 


field of elastic stresses) - a carbon peak of 
relaxation is formed at 316° even when the 
amount of carbon in the solid solution is 
low, which fact is due to the spinning of a 
molybdenum-carbon couple in the field of 
elastic stresses (carbon-molybdenum exchange). 

An experimental verification of the pos- 
sibility of the appearance of relaxation 
peaks even in the case of a low content of 
dissolved atoms, at the expense of the 
emergence of similar exchange couples, is set 
forth in Makhukov and Livshits’ work [14]. 

It has been shown by experiment that the 
addition of molybdenum to NigMn results in a 
decrease of the degree of development of an 
ordered arrangement, i.e, molybdenum has the 
effect of concentrational derangement. This 
explains the decrease in size of peaks A and 
B upon the introduction of molybdenum into 
the solid solution, 

During the process of the formation of an 
ordered arrangement the height of the peaks 
of metastability is the greater the bigger 
the difference of free energies of an alloy 
in that condition, and in the ordered state, 
Upon the introduction of molybdenum into 
NigMn a deterioration in the degree of order 
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Fig. 4. Temperature relation of internal friction of alloys of Nighn 
type differently alloyed with molybdenum. Frequency 0.59 c/s. 


takes place and with it also a decrease of with the increase of the periods of tempering, 
free energy in its quenched and tempered and after one hour’ s tempering these peaks 


states, and, therefore, the size of the peaks completely disappear. At the same time the 
of metastability should likewise decrease in temperature dependence of internal friction 
the course of the formation of an ordered of NigMn alloyed with molybdenum becomes a 


arrangement. gradually increasing function of the tempera- 
This can be seen when comparing the tem- ture. There is only one maximum on the curve 
perature relation of internal friction of at 316° due to carbon diffusion. The reduc- 
Ni,Mm containing molybdenum with the alloys tion of peak mM in size in the case of short 
with 1.34-2.77 per cent of the latter element, periods of tempering and its subsequent com- 
Fig. 5 shows the effect of heat treatment plete disappearance, indicates that the atoms 
on the temperature relation of Ni,Mn with of molybdenum do not just cause a concentra- 
1.34% molybdenum, A Similar result is also tional derangement in the solid solution but 


obtained when the content of molybdenum in some way they react chemically with the 
amounts to 2.77 per cent. atoms of nickel and manganese, It is probable 


Peaks M, A and B gradually decrease in size that during the procéss of tempering the atoms 


Alloy No.2 
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15,0 Quenching — temper 0.5 hr 
—~—+--— Quenching — temper 1 hr 


AA 
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Fig. 5. Effect of heat treatment on temperature relation of Nigvn 
alloy containing 2.77% molybdenum. Frequency 0.59 c/s. 
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of molybdenum form stable zones with nickel 
and manganese (of the Guinier-Preston type), 
as a result of which they are rendered in- 
capable of exchanging freely their position 
in the field of elastic stresses, with the 
result that the characteristic peak at 52° is 
absent from the temperature relation of 
internal friction. 

No peaks of metastability can be observed 
in Ni,Fe during the formation of an ordered 
arrangement in spite of the fact that it is 
an alloy which assumes such an arrangement, 
This is possibly due to a small difference in 
free energies of the adjusted and unadjusted 
states, i.e. difference of the bonding 
energies of these two states is small, This 
is also borne out by the fact that the 
addition of molybdenum to Ni,Fe results in 
the elimination of the process of formation of 
an ordered arrangement [16,17], and the alloy 
becomes inert towards any change in electric 


resistance during the heat treatment. However, 


the introduction even of 4% molybdenum into 
the solid solution of Nin reduces the 
relative degree of adjustment only by 50 per 
cent. 


39 Without Mo 
Mo 


\ 


Fig. 6. Variation of internal friction in relation 
to molybdenum content in Ni,Fe alloy. Frequency 
0.8 c/s. 


Livshits and Ravdel’ [16] established the 
fact that in Fe-Ni-Mo alloys containing more 
than 1% molybdenum the kK-state, characterized 
by an abnormal rise in electric resistance 
and volumetric effect, develops within the 
temperature range of 350-450°. This state 
apparantly has a connexion with the formation 
in the solid solution of zones of the Guinier- 


25 50 75 «(100 «(125 200 225 250°C 


Preston type. In measuring the internal 
frictim of Ni,Fe alloyed with molybdenum 
(fig. 6), two peaks were observed in the range 
of low temperatures, one around 85° (peak A), 
the other at 170° (peak B). Apparently in 
the interval between 100 and 150° there takes 
place a superimposition of the two peaks, 
and, therefore, the internal friction does 
not come down to the level of an alloy con- 
taining no molybdenum. When the molybdenum 
content amounts to 1%, the size these peaks 
is 8 per cent, which figure is above that of 
the error of observation. On increasing the 
molybdenum content to 3% the size of peaks of 
A and B rises to 19 per cent, and when the 
content of molybdenum is raised to 5%, it 
rises to 27% Here it should be noted that 
not in all cases of different specimens con- 
taining 5% of molybdenum, there was obtained 
an independent peak A at 85°, as it sometimes 
degenerated into an inflexion and appeared as 
though it were part of peak B. This was 
probably due to the fact that peak A had been 
superimposed by the greater in size peak B. 

We failed in our endeavours to determine 
the configuration of small peaks, However, 
in all cases the maximum of internal friction 
was observed at 170° (peak B), and it was 
also found that nearly every specimen had a 
second maximum at 85° (peak 4). 

It is clear from the above results that the 
size of peaks increases with the rise in the 
content of molybdenum, The absence of such 
peaks in the case of NigFe alloy confirms our 
assumption that peaks A and B have some con- 
nexion with the presence of molybdenum atoms 
in the solid solution. Moreover, in these 
alloys a carbon peak appears at 260° when the 
content of carbon in them is high, and in the 
case of deformed specimens, a peak is obtained 
at 220°. The above mentioned peaks A and B 
can be observed when measuring internal fric- 
tion of the specimens quenched in water from 
high temperatures (of the order of 900°). In 
this case there is no formation of K-state in 
the solid solution, and molybdenum yields its 
characteristic peaks (A and 8). If a quenched 
specimen has been previously tempered to the 
temperature of the formation of K-state, the 
height of peaks A and B on the graph of the 
temperature relation of internal friction 
gradually decreases with the increase of the 
duration of the preliminary temper, After a 
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period of twelve hour tempering at 400° the 
peaks A and B disappear. The graph in fig. 7 
of this article relates to an alloy contain- 
ing 3% molybdenum, A similar variation of 
internal friction in thermal treatment was 


observed during the testing of all Ni,Fe alloys 


containing molybdenum, 
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—+—** Tempe r at 400° 
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A 


6 2. 


120 160 200 20 280°C 


Fig. 7. Effect of heat treatment on temperature 
relation of internal friction of NigFe alloy. 
Frequency 0.8 c/s. 


The results obtained can be explained as 
follows. In quenched solid solution NigFe 
alloyed with molybdenum the atoms of the 
latter element are statistically distributed 
over the crystal lattice points. A state is 
considered to be stable when molybdenum atoms 
are surrounded in a certain way by the nickel 
and iron atoms, i.e. when the K-state has 
been reached. But at low temperatures the 
process of the formation of K-state is ham- 
pered by the low speeds of diffusion. There- 
fore, the atoms of molybdenum are in an 
unstable condition (energetically), and at 
the time of the measurement of internal 
friction a relaxation takes place due to the 


aio’ 
10 


movement of molybdenum atoms in the field of 
elastic stresses, having a fixed number of 
relaxation times, which causes the emergence 
of peaks A and B. This large collection of 
relaxation times is apparently due to the 
state of unequal energy of different atoms of 
molybdenum, In tempering with the object of 
obtaining the formation of K-state as a 
result of diffusion processes, the atoms of 
molybdenum, possibly, form zones and the alloy 
goes over to a stable state, At the same 
time the alloy behaves as though there had 
taken place within it an ‘‘interphase segrega- 
tion’, For this reason the atoms of mol yb- 
denum are not any longer taking part in re- 
laxation processes, and consequently the 
peaks of internal friction are at first 
reduced in size, and after a protracted tem- 
pering disappear altogether, 

Similar results were obtained when inves- 
tigating the nichrome and nimonic (EI437A) 
alloys. 
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Fig. 8, Effect of heat treatment on internal 
friction of nimmic alloy. 
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Fig. 9. Variation of internal friction in relation to 
titanium content in the nimonic alloy. 
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It is known that kK-state is also formed in 
these alloys when they are tempered at 400- 
500° [18,19]. In the case of quenched ni- 
chrome there was regularly observed a maximum 
at 100-200° conditioned by the respective 
migration of nickel and chrome atoms, Since 
the atomic diameters of these two elements 
differ extremely little, the size of the peak 
was likewise very small, The size of the 
peaks was found to be within the limits of 
experimental error. On the addition of 2.5% 
titanium (nimonic) to the solid solution, the 
peak of internal friction increased consider- 
ably at 100-200° and exceeded the error of 
measurement; and in tempering for the for- 
mation of K-state (575° - 8 hr) this peak 
disappeared (fig.8). A relationship of this 
maximum with the presence of titanium in the 
solid solution has been proved by the results 
of our investigations (see fig.9). The 
maximum at 100°-200° due to relaxation in the 
field of stresses of titanium atoms is found 
in the case of the measurement of internal 
friction of quenched specimens only. If the 
K-state is brought about by tempering, the 


value of the maximum at 100°-200° gradually 
diminishes, and after tempering for 10 hr, 


completely disappears. This is similarly 
explained by the transition of titanium into 
a state of stability (K-state). In addition 
to that a carbon peak was obtained in the 
alloy nimonic at 240°. 

Therefore, the results of the foregoing 
experiments make it possible to assume that 
when measuring the temperature relation of 
internal friction of metastable solid solu- 
tions, characteristic effects can be expected 
even when the structural factor is very small. 
In such a case the intensity of the effects 
should be greater, the greater the difference 
of free energies of a quenched and tempered 
alloy. 

A comparison of internal friction of the 
alloys assuming an ordered arrangement with 
the same characteristic of the alloys which 
form K-state at low temperatures, is of 
extremely great interest (see fig.4 and 6). 

Upon introduction of molybdenum into ordering 
alloys (Ni,Mn), the peak of metastability 
decreases in proportion to the decrease of 
the extent of the possible order in molyb- 
denum, On the other hand, the introduction 
of this element into alloys with a k-state 


(Ni,Fe-Mo) , increases the peak of metastabil- 
ity since the increase of the concentration 
of molybdenum seemingly increases the extent 
of atomic segregation (K-state) in a solution, 
The same holds good in the case of titanium 
in the E1437 alloy (fig.9). 

Therefore, it is possible to differentiate 
between the formation of an ordered arrange- 
ment and the kK-state by measuring internal 
friction (peaks of metastability). 


Translated by H.G. Condover 
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DETERMINATION OF THE NUMBER OF ARBITRARY PARAMETERS OF 
THE SHORT RANGE ORDER FOR MULTICOMPONENT ALLOYS* 
A.N. MEN’ 


Consider a n-component alloy containing A 
sublattices. Let us denote with M, the 
number of nodes in sublattice y (v = 1,2.. 
the number of atoms of the i(i=1,2...n) kind 
with N;; the number of atoms of the i kind in 
the nodes of the vy type with o;,> and the 
number of nodes in sublattice yv the closest to 
a given node in sublattice uw with an ‘i 
Then let us build up matrix Z 


= {Z,,}. ()) 


Let us further denote the number of elements 
in this matrix Z with a,, and the number of 
elements in matrix Z, for which > 
with 

The distribution of the atoms over the nodes 
is determined by matrix A 


A=({a;,}, (2) 
where 


n 


Again, let us denote the number of the 
nearest neighbours made up of atoms of the i 
kind of a sublattice of the yw type, and of 
atoms of the j kind in a sublattice of the v 
type with Qi. Then according to matrix Z 
build up matrix Q which determines all the 
possible pairs 


(St 


and then determine the number of independent 
parameters of Qi. 


(5) 
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Since Qi/ = Qi), the total number of the 
unknown Qi will be 


T= 2 (6) 


The 7 unknown Qu are connected by a n 
equations 


i=1,2...0 
Qi Zyy a; | 


=148,,8;. 


(7) 


Of these equations only the linearly indepen- 
dent ones must be left, for which purpose we 
build up matrix X consisting of the coeffi- 
cients of the unknown equations (7). 

We shall now proceed to examine the rank of 
matrix X. In order to simplify the calcu- 
lation of the rank of matrix X, let us 
arrange the elements in a definite manner 
(see figures). 

Matrices B, D and C satisfy the following 
rel ationships 

BU) = BU), 
, 


r.r—l 


i=1,2 
Di) 4 
and can be in the 
KA 


) (8) 


Qs 


27,952 


Zant 


22 8n2 


Ona 


. 
4-i, 22 


116 
= vo 
8 
i 
SCs Fig. 1 


Multicomponent alloys 


2. 


~O™~ 


2 


Fig 


It can be shown that the determinant of the 
order nm n-m, at the top left hand comer of 
matrix X differs from zero, but all the 
determinants of a higher order are equal to 
zero, i.e the rank of matrix X is equal to 
m n-m,. The rank of the expanded matrix is 
similarly equal to mn-m,, since the determi- 
nant of the expanded matrix resolved conforming 
to the last colum produces -Z,M,, 
after taking into account (3), — but this 
expression is equal to zero (it expresses the 
fact that the number of the nearest bonds yu v 
is equal to the number of yy bonds). Conse- 
quently the rank of matrix X is equal to 


r=m,n—my. (10) 


It is now easy to find the number of inde- 
pendent parameters of the short range order 


__ (n—-l) (mzn —2 m,) 
9 


(11) 


Nz =T7T—r 


2 


It can be clearly seen from the form of mat- 
rix X which of the Qi parameters should be 
taken for independent ones. It must be 
pointed out that Qi determine the number of 
pairs of the nearest neighbors, so that the 
independent parameters of the short range 
order relate to the first co-ordination 
sphere*, 

Let us consider a few examples, 

I. An unordered n-component alloy: 

a) a simple, body-centred and face-centred 
lattice (l=1) 


n(n— 1) 


Z=2)1, m,=1, m,=0, N; = (12) 


b) a lattice of the spinel type (one sub- 


* The proposed method of calculating the number 
of independent parameters of the short range 
order cannot be applied directly in the case 
of other co-ordination spheres, since the para- 
meters Qi for other spheres are not independent. 
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lattice-tetrahedral nodes, the other - octo- 
hedral) (l=2) 


, m,=4, m,=1, N, = (n—1) (2n—1), 
1 ( )( ) 
(13) 


we have three parameters of the short range 
order for a bi-component alloy (n=2) 

II. An ordered n-component alloy below the 
temperature: 

a) a body-centred lattice (one sublattice- 
cube centres, the other — top of cubes) (l=2) 


z= (778), m,=2, m,=1, N, =(n—1)?, (14) 


for a bi-component alloy of the CuZn type 
(n=2) we have one parameter of the short 
range order 

b) Face-centred lattice (one sublattice - 
top of cubes, the other -— centre of faces) 


(1=2) 
Zy2 ), m,=3, m,=1,, N; 


2122 


_(n—1) (3n—2) 
2 


(15) 


for a bi-component alloy of the Cu. Au type 
(n=2) we have two parameters of the short 


range order 
c) A Heusler type of alloy (1l=3) 


0 


La 0 0 ’ m,=4, m,=2, N,; =n? (n—1)*, 
Zs: 00 


(16) 


Multicomponent alloys 


for a tri-component alloy of Cu,MnAl type 
(n=3) we have eight parameters of the short 
range order, 

If the fact be taken into consideration that 
ajy- are connected with the parameters of the 
long range order [1] in the case of an ordered, 
alloy, the formula (7) gives the connexion of 
the parameters of long and short range 
orders, 

Having a clear form of expression for free 
energy F (Q//)and introducing the parameters 
of the short range o, and the long range Se 
3 orders, it is possible to find from the 


system 


’ 


O Sp (0) m 


a connexion among equilibrium o,, s, and the 


temperature, 

In conclusion I express my gratitude to 
A.N. Orlov for his valuable remarks in the 
course of our discussion in this paper. 


Translated by H.G. Condover 
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In studying reaction diffusion, which is of 
such an immense importance to the chemico- 
thermal treatment of metals and the prevention 
of gas corrosion, one meets with great dif- 
ficulties. These difficulties are due to the 
complexity of the mechanism of this phenomenon 


and the diversity of the nature of the develop- 


ing phases, 

In order to find a means of controlling 
these phenomena, it is necessary to work out 
a systematism of the reaction diffusion. 

The mechanism of reaction diffusion is 
primarily determined by the type of chemical 
bond between the reacting elements, the 
structural characteristics of the phases 
developing in the course of the process of 
diffusion, and the relationship between the 
the dimensions of the diffusing particles, 

In order to be in a position to demonstrate 
the regularity of the variation of the mecha- 
nism of diffusion in binary systems, it is 
found expedient to examine the reaction of 
the elements placed in the periodic system 
within one period, with the same second com- 
ponent, using different elements in succes- 
sion the selection of which is based on their 
position in the periodic table. 

In this work the principal results of 
research on the mechanism of reaction dif- 
fusion with sulphur in binary systems formed 
by transition elements of period IV (from Ti 
to Ni) are set forth. 

Diffusional annealing was carried out in 
pyrex or quartz ampoules evacuated to a 
pressure of the order of 1073 to 1074 mm hg, 
so designed that the specimen should be in an 
atmosphere of sulphur vapours in one part of 


* Fiz. metal. metalloved. 8, No.3, 452-454, 1959. 


STUDIES OF REACTION DIFFUSION 
THE "METAL - GAS" TYPE* 
V.I. ARKHAROV and £.B. BLANKOVA 
A.M. Gor’ kii State University of Ural’ sk 
(Received 31 March 1959) 


IN BINARY SYSTEMS OF 


the ampoule and sulphur in the other. In 
every case the sulphur vapour pressure was 
approximately 1 atm, The investigation of 
diffusion was conducted within the range of 
temperatures from the beginning of the 
observable formation of the skin (400-500°) 
to 1000°. For the purpose of analysis of the 
mechanism of diffusion, the phase composition 
(by the Debye method) and the presence or 
absence of texture in the scale, were, as 
usual, [i] investigated after annealing and 
determined by means of X-ray photographs, In 
addition to this, experiments were carried 
out using workers of an inert substance such 
as platinum wire. 

The results of the investigation are recor- 
ded in Table I, From these results a con- 
clusion can be drawn to the effect that in 
all the systems investigated the transition 
metal-sulphur mechanism of diffusion is the 
same in its main features, In effect, in 
every case the scale consisted of a more or 
less close outer crust and a friable layer 
continguous to the metal. An X-ray phase 
analysis showed that the outer crust consis- 
ted of one or two closely joined phase 
layers. 

It was established by means of metallo- 
graphic research that the inert marker was 
located between the outer crust and the layer 
contiguous to the metal, The thickness of 
the scale layer, forming by diffusion of 
metal towards the outer surface as well by 
diffusion of metalloid towards the scale- 
metal interface, was found to be of the same 
order of magnitude in all cases, 

The texture in the outer crust of the scale 
and its absence in the inner layer was deter- 
mined by means of a texture analysis, 
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TABLE 1 
Investigating results of the systems transition metal-sulphur 


Number of 


layers Presence of 


Position of 
revealed Skin phase composition inert marker | texture in 
metal - skin layers 
lograph- 
ically 


600-1000 Tis, in outer and inner skin layers (phase Between 2 Texture in 
acc, ord. to Debye line location, inter- layers of outer laver 


mediate between TiS and Tis, (2-5)) phase TiS, of skin 


VS, (by X-ray photo VS, is close to VS, but Ditto 
differs from it by the presence of extra 
lines and variations relating to intensive- 
ness (2,3,6,7) 


400-1000 CrS (monoclinic) in outer and inner layers. Between two 
CrS (superstructure) in a very thin layer layers of 


adjacent to metal (2, 3,8, 9) phase CrS 
(monoclinic) 


MnS (structural type NaCl) in outer and Between two 


inner layers (2, 3) layers of 
phase 


FeS, (pyrites) very thin outer layer. FeS Between two Texture in 
(struct. type NiAs) constit. main layer of layers of layer Fes 
outer crust and inner layer FeS phase cons. tit. 

main thickn. 


of outer 
crust 


FeS in outer and inner layers (2,3,10,11) at | Between two Texture in 
980° layers outer layer 


Cos, in outer layer Coy 8, in inner Between two Texture in 
layers outer layer 


CogS, in outer and inner layers. Melts at Ditto Ditto 
950° (2,3, 12-14) 


NiS, in y. thin outer layer (on Debyegram a Between two Texture in 
row of extra lines not fitting Nis picture) layers of outer layer 
constit. main thickn. of outer crust and Nis NiS is main 
inner layer. Melts at 650° (2,3, 15, 16). thickn. of 

outer crust. 
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All this makes it possible to assume that in 
all the systems investigated a bilateral 
diffusion of the metal and sulphur takes 
place. 

The rate of diffusion of both components 
grows with the rise of temperature, and in- 
creases in a more or less equal proportion. 

In the case of a successive passage from one 
set of systems to another in the direction of 
Ti-S —»Ni-S under identical conditions 
(temperature and duration of annealing, 
pressure of sulphur vapours) the rate of the 
growth of the scale increases. 

The system Co-S, in which the rate of scale 
formation is somewhat lower than in the systems 
adjacent to it, constitutes an exception, 


Translated by H.G, Condover 
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SOME PECULIARITIES IM THE DISPOSITION OF 
CORROSION FIGURES IM THE ALLOY Al-Zn-Cu* 
N.N. BUINOV and T.V. SHCHEGOLEVA 
Institute of Physics of Metals Akad. Nauk SSSR 
(Received 12 August 1958) 


One of the basic questions of the theory of to whether they arise from Frank-Read sources, 
dislocations is the origination and multipli- In the central section of certain groups of 
cation of dislocations. However, experimental loops a small ‘‘claw’ is observed at times, 
data on this question are insignificant, par- with a different orientation (shown by an 
ticularly for metals and metallic alloys. In arrow on Fig, 1). 
the current report, some observations are 
brought forward concerning the disposition of 
corrosion figures on the ageing alloy Al-Zm-Cu, 
which probably give a representation of the 
sources of dislocation. Upon investigation 
of the electro-polished and corroded (by aqua 
regia) surface of the alloy Al-Zm-Cu (10% mm, 

0.5% Cu) which had first been deformed by com- 

pression of less than 1%, spirals were dis- 

covered which possibly illustrate either the 

ection of the mechanism of Frank and Read [1], 

or the existence of spiral or helical dislo- 

cations. Together with them, loops were 

observed, similar in form to the dislecation 

loops emitted by the sources of Frank and Fig. 1. The alloy Al-Zn-Cu; deformation by com- 
kead.** They were observed not only inside pression of less than 1%; ageing at 150° for 
the granules (Fig.1,2), but also on the inter- 96 hr; corrosion by aqua regia; X 140. 
granular boundaries (Fig.3). In the first 

instance, they are found more often in groups, 

into each of which enter from two to seven 

loops. In those instances when the loops are 

not closed, they have the form of small] brac- 

kets with ends folded inwards (Fig.1-6), in- 

dicating their non-accidental origination, 

Light photographs on a dark field (Fig.3) show 

that the loops consist of corrosion figures, 

However, in the disposition of the loops 
there is one peculiarity which gives doubt as 


** It must be noted that on undeformed specimens Fig. 2. As Fig. 1; X 140. 
of the alloy, loops and spirals were very 
rarely observed. On severely deformed specimens, It is difficult to understand this pecul i- 
they were not observed at all. arity arising from the mechanism of mul tipli- 
* Fiz. metal. metalloved. 8, No.3, 455-457, 1959. cation of dislocations by Frank and Read. 
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Jones and Mitchell [2] observed the for- 
mation of helical and prismatic dislocations 
in silver chloride after the addition of 
glass globules and after rapid cooling from a 
temperature of 370°, The authors concluded 
that the dislocations arose from the effect 
of pressures which appeared around the glass 
particles due to variations in the expansion 
coefficients of glass and silver chloride. 


The alloy Al-Zn-Cu; deformation by com- 
ageing at 150° for 
X 140. 


Fig. 3. 
pression of less than 1%; 
96 hr; corrosion by aqua regia; 


seid 


ageing at 150° for 
X 10,500. 


The alloy Al-Zn-Cu; 
corrosion by aqua regia; 


Fig. 4. 
5 hr; 


Sources of this type may probably emit dislo- 
cations not singly but in a whole batch or 
even in several batches of differently orien- 
tated slip planes, The formation of disloca- 
tions without the action of Frank-Read sources 
was observed by Gilman and Johnston [3] in 
crystals LiF under the action of pressures, 
If it is granted that we are dealing not 
with the sources of multiplication (which 
demand the existence of a dislocation network 
in the alloy) but with sources of the origin 
of dislocations arising around impurities or 
places of localization of pressures, then 
the observed loops and their peculiarity are 


easily explicable. This conception is found 
to be in accord with the fact that sources 
are observed in all crystals of the specimen, 
which were randomly orientated. The latter 
is possible only when the source works in 
comparatively thick batches of planes. If it 
is assumed that each group of loops is connec- 
ted with one source then the density of such 
sources inside the crystal can be estimated 
as approximately equal to 104/cm?, Along the 
boundaries of the crystals the loops are dis- 
placed with a larger density than inside and 
interweave among themselves; because of this 
it is difficult to calculate the density of 
the sources, 


ageing at 150° for 
X 10,500. 


Fig. 5. The alloy Al-Zn-Cu; 
5 hr; corrosion by aqua regia; 


deformation by 
ageing at 150° for 
X 3480. 


Fig. 6. The alloy Al-™m-Cu; 
compression of less than 1%; 
96 hr; corrosion by aqua regia; 


It must be noted that in our laboratory, 
groups of loops in the alloy Al-Cu were 
observed by decoration, From this it was 
concluded [4] that these groups correspond to 
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Corrosion figures in the alloy Al-Zn-Cu 


Frank-Read sources. It is probable that in 
this instance, too, we are also dealing with 
the sources of dislocations around the 
impurities and places of localization of 
deformation. 


CONCLUSION 


1. In the alloy Al-2-Cu small] chains of 
corrosion figures are discovered which 
apparently have a dislocation origination, 
2. The assumption is expressed that the 
observed loops arose not from Frank-Read 
sources but by the effect of pressures loca- 
lized in separate regions of the alloy. We 


express gratitude to AN. Orlov for discus- 
sing the results of the work, 


Translated by J, Harvey 
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SOME REGULARITIES OF THE CHANGE OF FORCES OF THE 
INTER-ATOMIC BOND IN THE ALPHA-SOLID SOLUTIONS 
OF SYSTEMS WITH ELECTRON COMPOUNDS** 

G.P. KUSHTA and 0.I. RYBAILO 
Chernovitskii State University 
(Recetved 31 March 1959) 


Changes of forces in the inter-atomic link 
in alpha-hard solutions of the systems Cu-2 
and Cu-&m are investigated in the current 
work. An estimate of changes of forces of 
the inter-atomic bond in the alloys was 
carried out by means of X-ray determination 
of the characteristic temperature of the 
alloy, according to the method developed by 
G.V. Kurdiumov [1] of exposure at two tem- 
peratures: room temperature and the tempera- 
ture of liquid air, 

To obtain the alloys Cu-M, first an alloy 
was prepared, containing about 30% Cu and 70% 
Mm. Electrolytic copper and granulated zinc 
free from arsenic were used, 

By fusion of the alloy with the appropriate 
quantity of copper in sealed graphite cruci- 


bles, alloys were obtained with a zinc content: 


4.33; 8.74; 19.78; 29.24 and 38.62 at. % 

An alloy to produce the alloys Cu-Sn con- 
tained about 60% &. Tin of mark ChDA was 
used, The content of tin in the obtained 
alloys Cu-Sn was: 1.09; 2.19; 4.46; 6.95 
and 9,31 at. % 

The composition of the alloys was carefully 
controlled by chemical and spectral analyses 
and also by X-ray determination of the 
lattice parameter of the solid solution, 

From the alloys, powders were produced by 
filing and a fraction was withdrawn giving 
continuous lines on the X-ray photograph, To 
relieve the strain arising with filing, the 
powders were annealed in evacuated glass 
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* y.p. Skochelyas and I.V. Ugorchuk participated 
in the experimental work. 


ampoules at a temperature of 360° for 4 hr. 
X-ray photographs were obtained from cylin- 
drical specimens with a diameter of 0.6 mn, 
prepared hv the application of annealed 
powder on a fine glass filament moistened 
with cellulose nitrate varnish, Iron X- 
emission was used. Extinction in the 
specimens was absent. 
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Relationship of the forces of the inter-atomic 
link in the alpha-solid solutions of the systems 
Cu-Zn and Cu-& from the electron concentration: 
(1) for &; (2) for Z. 


Cooling of the specimen to the temperature 
of liquid air was accomplished by means of 
the continuous spraying of it by a jet of 
liquid air in an open chamber, in accordance 
with the method described in [2]. 

X-ray photographs taken from the same 
specimen at varying temperatures were devel- 
oped simultaneously, The photographs were 
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Systems with electron compounds 


measured on the micro-photometer, MF-2, and 
the ratio of intensity I113/Ipg99 was defined. 
The value of the amounts of T413/To92 for 
each of the samples at two temperatures, from 
which the characteristic temperature of the 
alloy was determined, represent the average 
result of several measurements from two to 
three X-ray photographs. 

These normalized data were used for calcula- 
ting the amount m,, 6 being the measure of 
the inter-atomic bond in the network of the 
alloy. 

On the figure these values ere depicted in 
relation to the calculated value of the 
electron concentration for the alloys under 
investigation. As is evident from the 
figure, the (decrease) of the force of the 
inter-atomic bond as a function of the 
electron concentration for solid solutions in 
the systems Cu-Z and Cu-M is characterized 
by complex curves converging to a point which 
corresponds to the maximum electron concen- 
tration of alpha-phase. Each of these curves 
may be approximated, however, by two straight 
lines intersecting at points which in practice 


correspond to the same value of the force of 
inter-atomic bond for both systems and to the 
same content of added atoms (~ 5 at. %.) The 


observed decrease of forces of the inter- 
atomic bond only qualitatively corresponds to 
the increase of forces of repulsion in the 
lattice but is not determined uniquely by 
these forces, 

From the actual course of curves for the 
alloys Cu-2 and Cu-M&, it may be concluded 
that the influence of local disturbances of 
the potential of the lattice, induced by the 
presence of ions of another valence, which 
distort the electron energy band of the alloy, 
prevail over the influence of the electron 
concentration. The indicated influence is 
limited by the action of the well know 
Hume-Rothery law, 


Translated by J, Harvey 
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TEMPERATURE DEPENDENCE OF MAGNETIC PROPERTIES OF THE 
ALLOY IU 16 (ALFENOL)* 
O.N. ALTGAUZEN and I.K. KUPALOVA 
Central Scientific Research Institute of Ferrous Metal!urgy 
(Received 13 September 1958) 


In the current work, results are given of 
an investigation of magnetization curves of 
the alloy IU16 at temperatures from -78° to 
300°. The iron-aluminum alloy IU 16 with an 
aluminum content of 16 wt. %, being a soft 
magnetic material, finds an application with 
the preparation of small heads for sound- 
recording apparatus and cores of communication 
equipment [1,2]. An investigation of magnetic 
properties of this alloy at varying tempera- 
tures presents interest in connexion with the 


expans’on of the interval of temperatures in 
which this apparatus finds an application, 
The alloy was melted in a high frequency 
furnace, subjected to hot rolling and later 
to warm rolling to a thickness of 0.35 mn, 
From the ribbon so obtained, rings were 
were stamped and afterwards assembled in 
piles for subjecting to heat treatment. ** 
Magnetic measurements were carried out by 
a ballistic method. On Fig. 1-3 and in the 
table, magnetic properties of this alloy at 


TABLE 1 
Magnetic properties of the alloy IV 16 at varying temperatures 


Heat 
treat- | Initial state 


Concerning the initial state (%) 
at temperatures, °C 


ment at 21-24° 
number 


23 200 23 255 


Maximum 52,000-60, 000 
penetrability 38, 000 


gc/e 


Coercive 0,028-0, 029 
force e 0.33 


115-120 
102 


Induction in 6200-6600 102 97 
field 8 e, gc 7300 103 | 100 


92 65 
93 66 


Heat in treatment. 1. Heating to 900°, Ageing 30 min. 


Cooling with furnace to 600°, ageing 10 min, 


hardening water. 2. Heating to 1000°, ageing and cooling as indicated above, hardening in oil. 
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** The material for the investigation was submitted 


by C. A. Golovanenko. 
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-78 | 22-23 21-26 
60 70-75 55-60 17 35 | 48-53 
60 94 71 47 | 33 
102 | 107 | 102-110 166 218 
98 | 98 91 - 272 
100 


Temperature dependance 


varying temperatures are indicated. Magnetic 
properties of the alloy depend essentially on 
the temperature. Upon cooling to -78° and 
heating to 200°, maximum permeability in both 
instances decreases practically reversibly, 
whilst upon heating to 255°-300° and subse- 
quent cooling, the change is irreversible — 
maximum permeability does not attain the 
initial value, 


59000 


40,000 


34000 


2000 


3 
Fig. 1. Temperature relationship of magnetic 
penetrability of the alloy IU 16. 
1 - initial, 22° (0); 23° after 100° (®); 23° 
after 200° (A); 2- at 100°; 3- at 200°; 

4 - 26° after 255% 5 - 26° after 300°; 6 - at 
255°; 7 - at 300°. 


40,000 


30000 


29000 


10,000 


n 075. O15 020 025 030 
Fig. 2. Temperature relationship of magnetic 
penetrability of the alloy IU 16. 
1 - initial, 22° (A); 22° after - 78.5° (®); 
2—at 100°; 3- at 20°; 4- at 78.5°; 5 - at 
300°; 6 — 21,5° after 300°. 


Specimen No. 1: 


Specimen No. 2: 


Fig. 3. Magnetization curves of the alloy IU 16 
at a varying temperature. Specimen No. 1: 

1 - initial 22° (0); 23° after 100° (x); 28.5° 
after 200° (A); 25° after 255° (0); 2- 26° 
after 300°; 3- at 100° 4- at 200°; 5- at 
255°; 6 — at 300°. 


In practice, the coercive force remains 
unchanged with the change of temperature from 
-78° to 20° but with higher temperatures 
increases irreversibly. 

The irreversible change of magnetic proper- 
ties is apparently connected with the beginning 
of the process of ordering in the alloy [3] 
and imposes a substantial limitation on the 
possibility of applying it in apparatus 
working at temperatures higher than 200°. 

Some stabilization of properties may be 
obtained by changing the heat treatment 
(specimen No.2) in such a way that partial 
ordering may already have taken place during 
the process, lowering the level of properties 
of the alloy to some extent, but raising its 
temperature stability upon heating to 100°- 
200°. 

Translated by J. Harvey 
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THE INCREASE IN THE COERCIVE FORCE OF MIXED 
FERRITES-CHROMITES OF LITHIUM IN THE REGION 
OF THE COMPENSATION TEMPERATURE* 


K.M. BOL’ SHOVA and T.A. YELKINA 


Moscow State University named after M.V. Lomonosov 


(Received 10 October 1958) 


Ferri-magnetic spinels, the composition of 
which is described by the formula Li,O- 

(5—2a) FesO: - 2a Cr2Osz, possess in the 
region from a= 1 to a = 2 the distinctive 
peculiarity that their spontaneous magnetiza- 
tion returns to nil not mly at the Qurie 
temperature but also at a lower temperature — 
the so-called compensation point [1, 2]. 

A detailed experimental investigation was 
carried out by us of the temperature course 
of spontaneous magnetization of the indicated 
materials in the region of the compensation 


temperature and Curie temperature, 


An anlysis of these results led to the cm- 


clusion that in ferrites of the type indicated, 


the increase of H, must be observed in the 
region of the compensation temperature T7,, 
connected with a sharp decrease of magnetiza- 
tion with the approach of the measurement 
temperature to Tp. 

The measurements carried out of H _ of 
specimens of the system LiFeCr in annealed 
and hardened states confirmed this assumption 
(cf. Fig. 1 on which are given data for a 
specimen of the composition Li,O - 2,5 FeO; - 

2,5Cr2O3 in an annealed state). As is 
evident from the figure, the increase of H, 
takes place not exactly at T, but in a 
significant interval of temperatures adjoin- 
ing T, on both sides, 

Two possible causes of this effect may be 
pointed out. Evidently the main reason for 
the growth of H, in the area of the compensa- 
tion temperature is connected with some 
heterogeneity of the chemical composition 
according to the volume of material (which 


* Fiz. metal. metalloved. 8, No.3, 461-463, 1959. 


may take place even with the most careful 
technology in the preparation of ferrites). 

The fact that minor heterogeneity by 
composition takes place, results from the 
existence of ‘‘incomplete compensation”, i.e., 
of small spontaneous magnetization at the 
compensation temperature, The existence of 
of such chemical heterogeneity of material 
and the relationship of T, to the composition 
must lead to sharply expressed magnetic 
heterogeneity in the region of T, with an 
increasing degree of dispersion of ferri- 
magneti¢ impurities with the approach of the 
measurement temperature to 7,. With suf- 
ficiently low dimensions of such impurities 
(approaching the dimensions of separate 
domains) the process of magnetization in them 
may originate only by means of the rotation 
of the vector of magnetization and the 
coercive force will be defined by the 
formula: 


where K — constant of anisotropy; I, - mag- 
netization saturation, 

The second possible reason for the increase 
H. is connected with the powdered character 
of the ferrite materials. Whilst amy ferrite 
is a pressed and baked powder, the separate 
particles of this powder will be uncoupled to 
some measure in magnetic relationship. With 
sufficiently small dimensions of the “powder 
grains’’, they may appear as single domain 
particles, The single domain criterion is 
connected with the constant of anisotropy and 
with the spontaneous magnetization of the 
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Coercive force of mixed ferrites 


Deviation on the scale 


| 
GD 
S 


Mg. 1. 
ferrite 
sation temperature: 


1 — Temperature relationship of the coercive force; 


7020.30 40 50 60 70 80 100% 


Temperature relationship of magnetic properties of the 
Li,O 9.5 Fe,0, 9.5 


in the region of the compen- 


2 - 


perature relationship of spontaneous magnetization o,(t); 
3 — Temperature relationship of residual magnetization created 


with each given temperature g(t); 


4 — Temperature relation- 


ship of residual magnetization created at room temperature 


a(t). 


material: the greater K is and the smaller ‘. 
is, then the particle becomes single domained 
with large dimensions, Consequently, with 
T-»T,, when I, decreases strongly, a better 
approach to a single domain structure may be 
expected than when the temperatures are far 
from T,. In such an instance the coercive 
force of the material in the region of tem- 
peratures adjoining T, may also be expressed 
by the formula 


K 
H 
é 


In view of the fact that we are dealing 
with a pressed and baked powder and not with 
single domain particles in a pure state, the 


indicated formula may not be applied for the 
calculation of H, in the region of T, but it 
may be used for qualitative assessment of the 
temperature course of H, in the area of the 
compensation temperature. 

The curves of magnetization obtained earlier 
for ferrites of the system LiFeCr, according 
to the measure of the approach to the compen- 
sation temperature, become still more sloping, 
testifying the increasing role of the mecha- 
nism of rotation in the processes of mag- 
netization of the ferrite, i,e., in the use 
of the possibility of applying formula (1) 
for assessing the temperature course of A, 
in the region of T}. 


Translated by J, Harvey 
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ON THE POLYGONAL STRUCTURE OF |RON-ALUMINIUM ALLOYS* 
B.V. MOLOTILOV 
(Received 16 March 1959) 


We studied the structure of a high permea- 
bility alloy of iron and 16% aluminium, After 
slow cooling in the interval 980-590° and 
abrupt quenching from 590° the alloy had the 
maximum magnetic permeability of 71,000 G/Oe, 

A typical grain microstructure in a plane 
near (111) is shown in Fig.1. A fragment of 
the same structure near the grain boundary 
with large magnification is shown in Fig. 2. 

It will be seen from Figs,1 and 2 that the 
grain of the alloy is divided into blocks of 
0.01-0.05 mm in size, whose boundaries form 
proper lines of etching pits placed at 
regular intervals. Structures, similar to 
those described, were observed by Lacombe and 
Cahn [1] in aluminium, by Dunn, Daniels and 
Hibbard [2] in ferro-silicon alloys and by a 
number of other authors in non-metallic 
crystals, The origination of such structures 
during annealing after deformation may be 
connected with polygonization, consisting of a 
formation of regulated dislocation systems as 
a result of their displacement in the crystal 
lattice at the annealing temperature (3]. 

Heat treatment of the studied alloy was 
carried out after warm rolling, i.e. the 
original condition was that of partial recrys- 
tallization, Etching did not disclose grain 
boundaries in the original condition, 

The presence of more than one slip system 
during deformation, as well as different grain 
orientations resulted in a complex deformation 
of each grain and consequently in a complex 
orientation of grain boundaries of the blocks 
formed during the polygonization anneal, The 
order of the angle of the bend of the blocks 
which have a common boundary may be determined 
by the known formula for a small] angle boun- 


b 
dary (3): i= (5 Burger’ s vector, D 


distance between the etching pits of the 
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dislocation). The appraisal gives a @ value 
of about one minute, 


Fig. 1. Grain structure of iron and 16% aluminium 
alloy in a polygonized condition. 


Fig. 2. Structure of polygonized alloy near the 
grain boundary. 


The polygonized alloy was slightly deformed 
plastically by tension, It will be seen in 
Fig. 3 that the slip line spread freely across 
the block boundaries without suffering any 
noticeable breaks, This is possible only in 
a case of very close orientation of the 


Polygonal structure of iron-aluminium alloys 


blocks, At the same time the block boundaries compared with its movement in a field of 

do not alter the directions of the walls of chaotically distributed defects. 

the ferro-magnetic domains, whose position was An analogous structure was also observed 
ascertained by the magnetic colloid method in other specimens of high permeability 

(4). This circumstance, apparently, facili- alloys of iron and 16% aluminium, 

tates the movement of the domain wall during 

magnetization in a polygonized structure Translated by A Allan 
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ON THE TYPE OF DEFECTS 


IN AN ALPHA-LEBOITE* 


F.A. Sidorenko, P.V. Gel’d and L.B. Dubrovskaya 
(Received 2 June 1959) 


Based on the fact of a reduction of lattice 
parameters with an increasing silicon con- 
tent in °, -phase (a -leboite) in the system 
Fe-Si, the assumption was made [1] about the 
formation of solid substitutional solutions 
on a base of disilicide of iron. A precision 
determination of the density of leboite 
alloys and of the lattice parameters produce 
results which contradict such an assumption, 

The investigation was carried out on alloys 
prepared in a tungsten vacuum furnace from 
chemically pure silicon (99.95% Si) and iron 
carbonyl P-4, The alloys were homogenized 
in vacuo at 1080° for 100 hr. Densities of 
the powders, ground in an agate mortar, were 
measured by the pycnometric method with the 
loading of the pycnometers in vacuo, A 
VRS-3 camera was used for determining the 
lattice parameters, Their values for alloys 
of different composition show (Table 1) that 
the phase under consideration is stable in a 
region of concentrations of 53.5 to 56.5% Si, 


which conforms with Haughton’s and Becker’s 
data, 

The number of iron and silicon atoms per 
elementary cell were computed on the basis of 
the values of density and lattice parameters 
(Table 1). It was found that in the whole 
region of a-leboite existence, each cell 
contained almost exactly two atoms of silicon 
(1.99) and that the number of iron atoms is 
reduced regularly from 0.87 (53.5%Si) to 0.77 
(56.5% Si) which points to the appearance of 
vacancies in the iron sub-lattice. A com- 
parison of the X-ray and experimental den- 
sities confirms these conclusions, 

An X-ray determination of thermal expansion 
coefficients along a-leboite lattice axes 
has shown that the expansion coefficient 
grows particularly in plane (001) along the 
iron atoms, which conforms with the vacancy 
type of structure of the £&, -phase, 


Translated by A, Allan 


TABLE 1 


Lattice parameters 


a, A 


~ 


Number of atoms 


Density 
g/em? 


. 139 
139 
139 
139 
139 
136 
135 
134 
128 
. 128 
128 


50. 0 2. 6937 
52.5 2. 6937 
53.0 2.6937 
53.2 2. 6937 
53.5 2. 6937 
54.0 2. 6932 
54.5 2.6923 
55.0 2. 690 1 
56.5 2.6872 
57.0 2. 6869 
58.0 2. 6870 


4.68 
4.71 
4.69 
4. 68 
4.65 
4.64 
4.57 
4.54 
4.44 
4.41 
4. 30 
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1.99 0.87 

2.00 0. 86 

1.99 0.83 

1.99 0.82 

1.99 0.77 


Defects in an alpha-leboite 
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A FINE STRUCTURE IN BRITTLE AND DUCTILE FRACTURE OF 
E1531 STEEL TUBES IN TESTS OF EXPANSION BY A’ CONE* 
E.Iu. Chemadurova 
(Received 13 October 1958) 


The breakdown of tubes during their produc- 
tion in a cold condition as well as in tests 
of expansion by a cone and with the same 
external stresses is apparently connected not 
only with differences in the microstructure 
but also the character of the fine structure, 


Fig. 1. Appearance of fractures of EI531 steel: 
a — steel which passed technological test; 
b — steel which failed to pass this test. 


To establish a difference in the fine 
structure of tube specimens of heat-resisting 
EI531 steel, passing or failing to pass 
technological tests of expansion by a cone, 
distortions of the secondary lattice and the 
size of blocks were determined by the widen- 
ing of the interference lines. Tube specimens 
were selected which were tested in expansion 
by a cone and which displayed fractures of a 
different character. 

Cone expansion tests are carried out after 
heat treatment in a cold condition by a mandrel 


* Fiz. metal. metalloved. 8, No.3, 466-468. 


with 1/10 taper up to a 6% expansion of the 
outside diameter. Mother kind of the same 
test is to expand the tube until it breaks, 
This happens at varying increases of the 
outside diameter (the break may occur in a 
section which is not being deformed). The 
type of the fracture depends on the plastic 
properties of the steel. 

In the illustration are shown photographs 
of the fractures of specimens which passed 
and which failed to pass this test. In the 
first case (Fig. 1,a) the fracture is dull- 
grey, fibrous, denoting the high plastic 
properties of the metal, In the second case 
(Fig. 1,6) the break is crystalline, lustrous, 
bright with small tears, brittle. The micro- 
structure of these specimens was practically 
identical - fine grained, consisting of equi- 
axial polyhedra and globular carbides, 

For the investigation, specimens were cut 
from undeformed parts of tubes of the follow- 
ing composition: 


TABLE 1 
Composition of the examined steel, % 


c 0.08-0.12 0.5-0.8 
0.4 -0.7 0.1 

Si 0.4 -0.7 
2.1 -2.6 0.25 
V 0.2 -0. 35 0.3 
Mo 0.5 -0.7 0.03 
0.03 


The deformed layer, produced by mechanical 
working, was removed by anodic dissolving to 
a depth of 0.15 mm. 

For the separation of the widening of the 
interference line on account of secondary 
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Brittle and ductile fracture 


TABLE 2 
Values of secondary distortions, size of blocks and of hardness 


Specimen No. 


Breakdown characteristics 


D- 1075 


CM 


Hardness 


test .. 


test .. 


Passed cone expansion test .. 
Passed cone expansion test .. 
Failed to pass cone expansion 


Failed to pass cone expansion 


4.3 
5.3 


7.2 


8.3 


distortions and because of the small size of 
the blocks, a method was utilized, proposed 
by Lysak [1], of taking X-ray photograms in 
two radiations (inasmuch as EI531 is a low 
carbon steel). 

The X-ray photograms were taken by the 
reflex method in a chrome radiation from face 
(211) and in a molybdenum one from face (651), 
which have the same reflection angles ~78°. 

The widening of the interference lines due 
to the exposure geometry was excluded from 
the total by deducting the width produced by 
a standard specimen. A specimen of EI531 
steel, annealed for 6 hr at 700°, served as 
the standard. The X-ray photograms were 
photometrically evaluated by a MF-2 photometer, 
The width of the lines was determined as the 
ratio of integral intensity to the height of 
the maximum, 

Experimental and computed values of secondary 


distortions i. 4 a size of blocks D (regions, 
a 


coherently diffusing X-rays) and of hardness 
(Rockwell scale B) are given in table 2. 

As it will be seen from Table 2, the hard- 
ness is low in both cases, 

The measurements show that there are no 
substantial differences in the values of 


secondary distortions of the crystal] lattice 
of the specimens cut from the tubes which 
passed and those, which failed to pass the 
cone expansion tests. A measurement of the 
blocks of these specimens has shown that 

they are not of the same size. The specimens 
which did not pass the test, i.e. the size of 
blocks of the more plastic specimens (speci- 
mens Nos, 30 and 31) is 1.5 times smaller than 
the size of the blocks in the second case, 

A comparison of the data of microstructure, 
hardness, secondary distortions and of the 
blocks, allows one to draw the conclusion that 
the difference in the character of the frac- 
tures in technological tests of cone expansion 
is linked up with the size of the regions 
coherently diffracting X-rays (of the blocks). 


Translated by A, Allan 
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ON THE PROBLEM OF INTERMEDIATE CARBIDE PHASES 
IN CARBON STEELS* 
N.V. GUDKOVA and V.P. KUZNETSOVA 
(Received 18 September 1959) 


Based on the data of a magnetic phase 
analysis, Apayev [1] expressed the opinion 
about a difference in the phase composition 
of annealed carbon steel depending on the 
carbon content. The difference is introduced 
by the intermediate carbide phase X - Fe,C, 
which is not detected by the magnetic method 
in steel containing less than 0.4% carbon. 

However, electron diffraction analysis of 
carbide precipitates of annealed carbon steel 
reveals the same intermediate carbide phases 
independently of the carbon content, 

Two intermediate phases were found during a 
previous investigation of U12 steel [2]: 
hexagonal in a specimen annealed at 150°, and 
a rhombic in a specimen annealed at 200°. 

The same phases were found during examinations 
of steel] 30. Carbide precipitates for the 


Fig. 1. flectron difraction patterns of a 
hexagonal carbide phase. 
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analysis were obtained by electrolytic 
solution of the specimens by Popova’ s method 
[3]. 

Specimens of steel 50 mm long and 13 mm in 
diameter were first quenched in alkali from 
a temperature of 880° and then annealed for 
1 hr at 150, 200, 250, 300 and 350°. 

The best diffraction pictures of inter- 


mediate carbide phases were obtained in VOL 
carbon steel 30: hexagonal (Fig.1) from a a 


specimen annealed at 250° after it was dis- 
solved for 6 hr, and a rhombic (Fig. 2) from 
a specimen annealed at 300° after dissolving 
for 6 hr. 

In Tables 1 and 2 are given the values of 
interplane distances and line intensities of 
the hexagonal phase (Table 1) and of the 
rhombic (Table 2) for steels 30 and U12 [2]. 


Fig. 2. Electron diffraction patterns of a 
rhombic carbide phase. 
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Intermediate carbide phases 


Steel 30 


U12 


Strong 
Weak 
Average weak 


Weak 
Average weak 


Average strong 
Average strong 


Average 

Weak 

Average strong 
Very very strong 
Average strong 
Average strong 
Weak 


Steel 30 


Strong 
Weak 
Strong 
Very weak 


Average 
Very weak 


Average 
Very weak 


Strong 
Strong 
Average 
Average 


2. 
2. 
2. 
2. 
1. 
1. 
1. 
1. 
1, 
1. 
0. 
0. 
0. 
0. 


Very very strong 


Very very strong 


Very very strong 


Very weak 

Very weak 

Very very strong 
Average 

Very very strong 
Average weak 
Average strong 
Very very strong 
Very weak 
Average strong 
Average strong 
Average 


Comparison shows a satisfactory coincidence 
of the values of interplane distances and 
consequently of the periods of the elementary 
nuclei (hexagonal - a= 6,27 A, ¢ = 21.40 
and rhombic - a= 3.82 % 6 = 4.72 c= 
12.50 &) and intensities of the produced 
lines. 

It should be mentioned, firstly, that inter- 
mediate carbide phases were detected in steel 
U12 and, secondly, that it was not possible 
to obtain sharp diffraction pictures from 
steel 30 with a large number of reflections, 
such as those previously obtained for steel 
ui2 [2]. 


Both facts, it seems, may be explained by 
the small number of intermediate carbide 
phases in carbon steel 30. = 

Apparently for the same reason intermediate 
phase X'was not detected by the magnetic 
method. It is possible that its quantity 
lies in annealed steel 30 outside the sensi- 
tivity limits of the magnetic method used in 
work [1]. 


Translated by A, Allan 
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TABLE 1 
d, A I 
hkl 
2.730 2.730 200 
2. 060 2.060 210 
1.815 1.820 300 
1.570 1.575 220 
1.532 1.540 223 
1. 360 1. 360 400 
0.910 0.907 600 
TABLE 2 
d, A I 
hkl 
8 
1959 815 2. 815 103 
500 2.500 005 
360 2. 362 020 
055 2. 050 023 
910 1.912 122 
7175 1.770 210 
105 1.703 212 
540 1.550 030 | 
425 1. 430 027 
324 1.335 035 
200 1. 200 230 
960 0. 982 330 
815 0.821 250 
7167 0.770 060 
714 0.726 260 


Intermediate carbide phases 
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INFLUENCE OF THE DURATION OF TREATMENT ON THE 
PHASE COMPOSITION OF IRON WHICH HAS BEEN 
ELECTRICALLY HARDENED WITH GRAPHITE* 

B.P. KOLESNIK 
Institute of ferrous metallurgy Ac.Sc. U.S.S.R. 

(Received 15 November 1958) 


The hardening of machine and instrument 
components by means of electrically applied 
graphite is extensively used in industry [i]. 
The micro-hardness and resistance to wear of 
the hardened layer of a steel toughened with 
hard alloys depends on the specific duration 
of the treatment [2], [3]. However in the 
papers cited no investigation was carried out 
on the influence of the duration of the 
hardening process on the phase composition 
of the surface layer of the iron, Meanwhile, 
a study of this question appears to be of 
great practical interest, 

We have made examinations, employing speci- 
mens of Armco iron which were prepared in the 
shape of thin sections as used for X-ray 
analysis. A low ash-content electro-technical 
quality graphite was used for the hardening. 
The electric arc hardening of the specimens 
was carried out in the following conditions: 
voltage 80V, capacitive load 28 microfarads, 
short circuit current 1.4A. The apparatus was 
equipped with a power regulator which was 
adjusted in such a way that the rate of 
charging of the condensers remained constant, 
The adjustment of the regulator and the con- 
trol of the constancy of the charging was 
accomplished with the aid of an oscillograph 
of type E0-5, connected up with the circuit 
in a specially devised plan [4]. The X-ray 
photographs were taken with chrome irradia- 
tion in a camera with a drum radius of 114.6 
mm. Microphotometry was carried out by means 
of a microphotometer of type MF-2, 

As will be seen from the figure a gamma- 
phase appears in the first minute of treat- 
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ment and appreciable distortions occur in the 
alpha-phase lattice, facts supported by the 
increase in the width of the interference 
line (110) q from0.4 to0.73 mm, Relation of 
the phase composition of the iron’s surface 
to the duration of the electric hardening of 


the graphite, 


100 
90 


%o 


” 


Phase content, 


a 


Width of the interference line mm 


72345678910 


Fig. 1. Specific duration of treatment, min/cm2. 


Increase of the duration of the process up 
to 2 min/cm2 results in a very slight rise in 
the amount of the gamma-phase and in the 
appearance of cementite, The distortions of 
the alpha-phase lattice decrease slightly; the 
width of the interference line (119) decreases 
from 0.73 to 0.66 mm, Thus, in the first 1-2 
min of electric hardening in the basic process 
there is an occurrence of spot tempering of 
small regions of the specimen, with the forma- 
tion of austenite and martensite, The quantity 
of carbon in the surface layer of the specimens 
is small, 

A further increase in the duration of treat- 
ment up to 6 min/cm? results in some 
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decrease in the distortion of the alpha-phase 
lattice, the amount of which in the surface 
layer hardly varies, and to a decrease in the 
quantity of the gamma-phase from 26 to 11 per 
cent. The amount of cementite increases 

from 44 to 63 per cent. The possibility of 
the formation of such large amounts of cemen- 
tite in the surface layer of the specimen is 
foreshadowed in the metallographic investiga- 
tions made by Mogilevskii and Chepovaya [5]. 
They showed that the surface layer of iron 
electrically hardened by graphite consists of 
ledeburite and needles of primary cementite. 
Here, it frequently happens that the formation 
of large crystals of cementite is made pos- 
sible and even cases where the surface layer 
consists wholly of primary cementite. It 
follows that an increase of the duration of 
the treatment to 6 min/cm? results in an in- 
tensive saturation of the surface layer of 
the specimen with carbon, which gives rise to 
the appearance of cementite and increases in 
its quantity. The disintegration of the 
austenite and the decrease in the distortion 
of the alpha-phase grid, obviously takes 
place because of the heating of the specimen’s 
surface by the subsequent discharges. Here, 
the disintegration of the austenite is 
followed by an increase in the amount of 
cementite. 

An increase of the duration of treatment 
from 6 to 9 min/cm? results in practically no 
change in the phase composition of the surface 
layer or in the distortion of alpha-phase. 

As can be seen from the data obtained the 
duration of treatment exercises its maximum 
influence on the phase composition of the 
surface layer at 6 min/cm? in the conditions 


stated. But the phase composition and, con- 
sequently, also the properties of the surface 
layer change over a very wide range, The 
hardening of instruments and components is 
generally carried out for a duration of 
0.5-2.5 min/cem?, that is to say, in the 
region of maximum influence of the duration 
of treatment on the phase composition, as 

can be seen from the graphs. Therefore if 
the time for the treatment is not strictly 
determined different effects for the harden- 
ing may be obtained notwithstanding the main- 
tenance of a constant electric treatment, 
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ELECTRICALCONDUCTIVITY AND THE HALL EFFECT IN 
IRON-SILICON ALLOYS CONTAINING LEBOITE WHEN 
SUBJECTED TO HIGH TEMPERATURES* 

A.I. GOL’ DBERG, V.A. LIPATOV and P.V. GEL’ D 
S.M. Kirov Ural polytechnic Institute 
(Received 14 July 1958) 


Results were given in a previous publication 

1 of an investigation dealing with the 
electrical properties of B-leboite at room 
temperature, which constituted the basis of 
an assumption regarding the semiconductor 
nature of the {¢B-phase (in distinction to 
the 4 @-phase). In order to confirm this 
conclusion investigations were undertaken to 
establish the dependence of the temperature 
of the electroconductivity and of the con- 
stancy of the Hall effect for iron-silicon 
alloys which contained from 40 to 80 per cent 
by weight of Si, the temperature range used 
being 20 to 350° 

The elloys were smelted in an induction 
furnace, using a silicon of brand Kr. O and 
Armco-iron, The specimens were prepared by 
drawing the molten alloy by suction into 
quartzite capillaries with a diameter of 2.5 
to 4.0 mm. 

A low temperature modification of leboite 
was stabilized by annealing at 800° [2, 3]. 

All measurements were made with the aid of 
an ordinarily used compensating device, Con- 
tacts with the specimen were of the rubbing 
type. 

Results of the resistance measurements 
showed that for alloys containing more than 
47% of Si a typical semiconductor character 
was observable in the variation of resistance 
with temperature. The exponential relation 
of resistance to temperature was especially 
clear in specimens containing 49-51% of Si. 
These specimens were most closely allied by 
composition to the ¢B-phase and the maximum 
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specific resistance, the Hall coefficient and 
the differential thermo-electromotive forces 
(not only at room but at higher temperatures) 
correspond to them, in the investigated 
region of temperatures, on the curve 
‘‘composition-properties”, 

In the region beyond leboite all the speci- 
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Fig. 1. Polytherms for the electroconductivity of 
alloys of iron and silicon: 
1-40; 2-45; 3- 47; 
7-57; 8-59; 9 — 65; 


5-53; 6 — 55; 
85 wt. % Si. 
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Hall effect in iron-silicon alloys 


100 


Fig. 2. Influence of the temperature on Hall’s constant: 
1-49; 2-51; 3-57; 4-59; 5-65; 6-70; 7 — 75; 


8 - 80 wt.% Si. 


mens gave evidence of possessing semiconductor 
properties but more weakly. 
In alloys containing 40-45% of Si metallic 
conductivity is, apparently, in the ascendant. 
Experimental data for some specimens are 
given in Figure 1 in a system of co-ordinates 


logs 
7 


As can be seen from the graphs, the conduc- 
tivity of the specimens containing 40-45% of 
Si is considerably larger than in the others. 
The smallest value of conductivity is posses- 
sed by specimens containing 49-51% of Si. The 
data recorded in Figure 1 opens up the pos- 
sibility of evaluating the energy of activation 
of the alloys for which the following values 
were found, 


Therefore, here also the dependence of Fact 
on the Si percentage is of an experimental 
character, attaining its maximum in alloys 
which by their composition coincide with 
leboite. 

The temperature relationship of the Hall 
coefficient was measured on the same speci- 
mens as were employed in the conductivity 
investigation. It is to be regretted that 
failure has to be recorded where measurements 
of some of the alloys were concerned because 
of the small values and large fluctuations in 
the Hall electromotive force. The investi- 
gations were carried out in fields of 10,000 
e by means of the usual method with two 
directions for the field and the current. The 
results obtained are given in Figure 2. 


TABLE 1 


Weight per cent Si: 49.51 
EacteV 0.20 


0.18 
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Hall effect in iron-silicon alloys 


As can be seen from the graphs, the Hall 
coefficient decreases (in absolute magnitude) 
in the case of all the specimens with increase 
in temperature. This circumstance indicates 
apparently that the concentration carriers in 
the alloy increases with the rise in tempera- 
ture. Specimens containing 49 and 51% of Si 
are characterized by a positive Hall coef- 
ficient, which is evidence of their hole 
conduction. This point agrees with the 
results of the previous measurements of the 
thermoelectromotive force [1]. 

In alloys in the range beyond leboite the 
Hall coefficient is negative and in the range 
of 53-54% of Si changes sign. It is worthy 
of note that a change of sign is observed in 
the very same region of compounds, and with a 
differential thermoelectromotive force. It 
is conditioned by an accumulation of silicon 
crystals in the system, 

The measurements made open up the possibility 
of computing the values of the concentration 
and mobility of the carriers, For instance, 
with readings at room temperature, using 
alloys of leboite composition, their concen- 


tration is approximately equal to 7 x 1018 
1/cm? if in the expression Rx=A 1/ne the 
multiple A is taken to have value unity, 
The mobility of the current carriers for 
the same set of specimens was 0.7 cm/e sec. 
The data obtained, in this way, confirm 
and add detail to the conclusion arrived at 
previously [1]on the semiconductor properties 
of the low temperature modifications of 
leboite. 
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AN INVESTIGATION OF PEARLITE TRANSFORMATION IN 
SEGREGATED AUSTENITE POWDER* 
A.P. GULYAEV and V.DO ZELENOVA 


The Central Scientific-Research Institute for 
motor cars and automobile motors 


(Received 10 February 1959) 


The procedure for obtaining the powder of 
segregated austenite from hardened steel by 
the method of anodic solution was described in 
paper [1] cited in the references, The 
separation by the method mentioned of segre- 
gated austenite made it possible to study the 
features of the transformation of this austen- 
ite in different temperature zones in con- 
parison with conversions in massive specimens, 

The investigation of the martensite trans- 
formation in powder form, obtained by elec- 


trolytic separation from hardened steel 
showed that martensite transformation does not 
take place in segregated austenite, though in 
the case of uniform specimens the reaction 
proceeds in normal fashion [2]. 

Results are given in the present paper of the 
investigation of the pearlite transformationof 


segregated austenite, The pearlite transfor- 
mation of segregated austenite was investiga- 
ted with a powder, separated by the method of 
electrolytic solution from a hardened steel 
type X 12F1 (1.49%C, 12%Cr; 0.28%V). A 
comparison was made of the graphs of the 
isothermal] transformation of the austenite of 
the hardened steel type X12F1 and of the 
segregated austenite separated out from this 
steel. 

The curves for the isothermal transformation 
of the powder and for the uniform specimens 
were based on the N.S, Akulov system of ani- 
sometry for which purpose the austenite 
powder and the uniform specimens were heated 
and soaked in a temperature range of 300-700°. 
The powder, obtained by electrolytic solution 
of the steel, was packed into a quartz tube 
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fitted with a ground quartz stopper. After 
taking the curve for the isothermal decompo- 
sition of the austenite of the uniform 
specimen, the latter was put into a quartz 
tube, as done in the case of the powder, in 
order to secure as far as possible identical 
conditions for heating to constant tempera- 
ture, The samples and powders after soaking 
in an isothermal bath were examined, as a 
supplementary measure, by means of X-rays. 

In the steel type X12F1 being investigated 
observations were made, in the pearlite 
region of transformation, of the isothermal 
transformation both of the austenite of the 
uniform specimen and of the austenite in 
powder form. Graphs of the isothermal decom- 
position of the austenite of the uniform 
specimen and of the powder are given in 
Fig. 1. 
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Fig. 1. Diagram showing the isothermal transfor- 
mation of austenitic steel type X12F1 (hardening 
temperature for the samples 1150°) 1— 2%; 

2 - 50%; 3 — 98%. Continuous line curves refer 
to the uniform specimens, the broken line curves 
to the powders. 


146 
8 
195 
= 


As will be seen from Fig. 1 the curves for 
the isothermal decomposition of the austenite 
in the region of pearlite transformation 
coincide for the segregated and unsegregated 
austenite, The beginning of the austenite 
decomposition (the incubation period) for the 
cases of both the powder and the specimen are 
the same over the whole range of temperatures 
in the pearlite transformation. There were 
some divergencies in the time of the decompo- 
sition end-point of the austenite of the 
uniform specimen and of the powder which can 
be attributed to error in measurement (it was 
difficult to determine the change of position 
the light spot on the anisometer at the end 
of the transformation), 

The X-ray photographs of the powder taken 
up to the isothermal soaking only showed the 
austenite lines, consisting of separate 
spots. The Xray photographs of the powder 
taken after the isothermal treatment showed 
the presence of unbroken diffraction lines 
of the alpha-lattice, the X-ray photographs 
being absolutely identical for both the 
powder and the uniform specimen. Thus, it is 
seen that the pearlite transformation of the 
segregated austenite proceeds analogously to 
the pearlite transformation of the austenite 
of the uniform specimen of the steel. The 
incubation period of time and also the velocity 
of transformation are identical for the segre- 


Pearlite transformation 


gated crystals of austenite and for the aus- 
tenite of the pearlite transformation, 

The fundamental difference in the original 
condition of the segregated austenite and the 
austenite of the uniform specimen lies in the 
fact that in the powder obtained by the method 
of electrolytic solution from the hardened 
steel there is no sign of stresses of the 
second order, 

The complete coincidence of the curves for 
the isothermal decomposition of the segregated 
austenite and the austenite of the uniform 
sample in the region of the pearlite trans- 
formation can be explained by the fact that 
the stresses of the second order exercise no 
appreciable influence on the diffusional 
transformation process, which takes place at 
high temperatures or, because there are no 
stresses of the second order in this range of 
temperatures, neither in the uniform specimen, 
nor in the segregated crystals of austenite, 
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In the paper [1], it is shown that there 
is no martensite transformation observable 
in the monocrystalline austenite powder 
produced by the method of electrolytic solu- 
tion of hardened steel. 

The object of the present study was to 
ascertain the nature of the transformation of 
the segregated austenite in the intermediate 
region of temperatures in comparison with the 
transformation of the austenite of the uni- 
form specimen. Intermediate transformation 
of segregated austenite was investigated with 
a powder separated hy the method of electro- 
lytic solution from hardened steel of type 
144X3 (1.44%C; 3.45Cr; 0.21%Si; 0.36%Mn). 
The procedure adopted for producing austenite 
powder from steel of type 144X838 was analogous 
to that used for the separation of segregated 
austenite from steels marks X12M and X12 FI, 
(2). 

The investigation of the isothermal conver- 
sion of austenite from hardened steel of type 
144xX8 and of the separated electrolytic 
deposit was carried out with the aid of 
N.S. Akulov’s system of anisometry. The 
curves from the isothermal decomposition were 
recorded for temperatures of 300 and 400°. 
The specimens of hardened steel and of the 
electrolytic deposit were heated in the ani- 
someter bath and soaked for varying periods 
of time (from 8 to 20 hr) and then quenched 
in water. 

For the uniform specimens of steel type 
144X838 the transformation was observed in the 
temperature range of 300 to 400°. 
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Fig. 1 shows the curve for the isothermal 
decomposition of austenite at a temperature 
of 400° (a 100% decomposition of austenite 
was taken to be the declination of the light 
spot indicator of the anisometer correspon- 
ding to a temperature of 400° for the tem- 
pered specimen). As can be seen from the 
figure the magnetic induction of the electro- 
lytic deposit separated out from the hardened 
steel type 144X3 as the result of soaking at 
a constant temperature in the mean tempera- 
ture range hardly increases, which points to 
the absence of transformation. 


100% disintee 
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Fig. 1. Curve showing the isothermal transforma- 
tion of austenite from steel type 144x3 at 400°. 
1 -— uniform specimen: 2 — powder. 


AM X-ray investigation of the electrolytic 
deposit showed that the small] increase in the 
magnetic induction of the powder as the 
result of soaking at the temperature of 
intermediate transformation is linked up with 
the formation of oxides Fe,0,, that is the 
oxidation of the powder at the temperature of 
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Intermediate transformation 


the experiment. X-ray photographs of the 
powder after isothermal soaking are analogous 
to X-ray photographs taken of the original 
powder, with the exception of the oxide lines, 
Attempts to avoid the formation of oxides by 
first putting the powder into ampoules from 
which the air had been exhausted did not lead 
to positive results, After soaking at tem- 
peratures of 300-400° the oxide lines are 
visible on the X-ray photographs of the 
annealed powder; however, no lines of the 

al pha-lattice were disclosed. 

It follows that, as in the case of the mar- 
tensite transformation, the intermediate 
stage in segregated austenite obtained by the 
method of electrolytic solution does not 
occur, while with the uniform specimen this 
process proceeds normally, 

The transformation of austenite in the 
intermediate range of temperatures has features 
in common with the martensite transformation, 
This led to the concept that transformation 
in the intermediate range of temperatures 
proceeds via martensite formation. This point 
of view, supporting the existence of an inter- 


mediate conversion is expressed in the works 
re Shteinberg [3], Minkevich [4] and Kurdyumov 
5). 

Absence of evidence of transformation of 
segregated austenite in the range of tempera- 
tures where intermediate transformation takes 
place strengthens the hypothesis of the mar- 
tensite character of the gamma-alpha tran- 
sition in the bainite transformation, 
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The experimental material available today 
on investigations regarding the K-absorption 
in the low temperature range is insignificant 
in quantity and contradictory in content. In 
the paper [1], (the dispersion was 20.75 XE/mm) 
it was shown that the fine structure of the 
K-absorption edge of copper at the temperature 
of liquid air shows up in greater contrast, 
supplementary extremes make their appearance, 
fluctuations of the absorption coefficient 
are expressed more strongly and spread to a 
greater distance from the principal edge than 
that obtained at room temperature. However 
for chromium [2] the transition from room 
temperature to the temperature of liquid 
nitrogen produces no change of any sort in 
the structure of the basic K-edge, Kurelenko 
investigated the fine structure of the 
K-absorption edges of iron and copper at + 20 
and - 180° [3]. From the tabular data 
published in his study it can be seen that 
some extremes of the K-absorption spectrum of 
iron shift to the short-wave side while 
others travel in the opposite direction; the 
principal edge moves to the long-wave side at 
1.4 eV. However, because of the poor quality 
of the spectrograms (for instance, the fine 
structure of the principal absorption edge of 
iron did not show up at all) the results of 
his investigations [3] appear to be somewhat 
unconvincing. 

We carried out an investigation of the K- 
absorption spectrum of pure iron at two tem- 
peratures: + 2 and -180°. The specially 
constructed vessel to contain the liquid 
nitrogen was held in a vacuum together with 
the spectrograph. The temperature of the 
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absorbing material was determined by means of 
a copper-constantan, thermo-couple welded to 
the absorption apparatus and corresponded to 
- 180°. The spectra were photographed in the 
first order of reflexion from the crystal- 
lographic plane of the quartz (1340). The 
dispersion in the region being investigated 
was 2.5 XE/mm, Fig. 1 shows the curves of 
the K-absorption edges of iron, obtained at 
temperatures of + 20 and - 180°. The micro- 
photograms of these edges recorded on MF — 4 
are reproduced in Fig. 2. All the spectra 
were obtained from one and the same absorbent, 
0 


P 


WOO 740 7160 7200 7220 


Fig. 1. K-absorption spectra of iron at + 20 and 


- 180°. 


_ An examination of Fig. 1 and 2 showed that 
the contrast in the fine structure of the 
K-absorption of iron at a low temperature 


K-absorption spectrum of iron 


Fig. 2. Microphotograms of K-absorption edges of iron at + 2 
(a) and -180° (b). 


had improved appreciably, that is to say the 
relative sizes of the fluctuations of the 
absorption coefficient had grown larger, 
During this examination it was noticed further 
that the relative sizes of the different 
fluctuations in absorption did not change to 
an identical degree: for extremes situated 

at greater distances from the principal edge 
the difference in size of the corresponding 
amplitudinal fluctuations in the temperature 
change from + 20 to — 180° is more marked 

than when these distances are smaller, the 
result being an increase in the energetic 
spacing, the extension of which has a direct 
bearing on the emergence of the fine structure, 
Because of the limited nature of the length of 
film investigated by us and of the presence of 
identifiable K., lines for nickel we were 
unable to trace the appearance of new fluc- 
tuations extending further from maximum F 
towards the short-wave side (Fig. 2). 

Table 1 shows the relation of the fluctua- 
tions amplitudes (from the fourth to the first) 
which definitely indicate the increase in 
contrast of the fine structure of the K- 
absorption edge of iron at a temperature of 
-180° as compared with room temperature, 
which apparently is due to the decrease in the 
amplitude of the thermal vibrations of the 
atoms in the lattice. 

As the temperature is lowered from + 20 to 
-180° the lattice parameter of metallic iron 
decreases correspondingly fro 2860 to 2857 % 
In consequence, and in agreement with Kronig’s 


[4] theory the extremes disposed at 50-70 eV 
from the principal edge should travel towards 
the short wave side. Such migration, to 
judge from our own data is actually observable. 
For instance the maximum D moves to 1.6 eV 
(Table 1). Travel towards the side of large 
energy is also observable for either extremes 
(oe. G ), when the fact emerges that the 
nearer they (the extremes) are placed to the 
principal edge the smaller is their displace- 
ment, The change of position of the maximum 
A already no longer exceeds the experimental 
error (Fig. 1 and Table 1). 


TABLE 1 


Temperature, °C 


Characteristics of 
the K-absorption 
edge in iron - 180° 


b, eV 7109,6+90, 
eV : 1,80, 
0,38 
7TIIE,640, 
7129,54+0, 
7187,6+0, 
72U6,04+9, 
7220 ,2+0, 


95+0,06 


+0,2 
7129,34+0,2 
7187,0+0,2 
7205,0+0,2 
7218,64+0.2 


1,78+0,06 


Data regarding changes in the fine struc- 
ture of the basic K-absorption edge of iron 
at the temperatures investigated are also 
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included in the table. From the table it is 
evident that both the central portion of the 
curve of the basic edge (point f) and the 
central portion of the curve of the initial 
absorption (point 6) migrate to the long-wave 
side (in contrast with the change of position 
of the extremes). We suppose that, as the 
result of the decrease of the lattice para- 
meter the extent of the coverage of the 

3d — 4s — and 4p — bands of the metallic iron 
increases, the result of which might be an 
alteration in the distribution of the energy 
density of states and in the probability of 
the corresponding transitions, One cannot 
exclude the possibility, that as the result 
of such re-distribution of electrons by state, 
due to the fall in temperature, the energy of 
the Fermi surface (in the case of reversible 
metals) can decrease and that this decrease 
can become one of the factors resulting in 
the travel of the central portion of the curve 
of the initial absorption towards the side of 
the smaller energy. This assumption does not 
contradict either the tendency for the energe- 
tic width of the portion of the initial 


absorption (measured in the range of 3/4 to 
1/4 of the maximum height of the curve abc) to 
undergo constriction, or the increase of the 
relation of the size of the initial absorption 


to the whole change in the coefficient of 
absorption (./p),/(y/p),. Actually, because of 
the large coverage of the external energy 
bands in the general band of conductivity an 
increase is to be expected in the alloy of the 
p-states, and that means an increase in the 
magnitude of the initial change of absorption, 
A more pronounced increase in the initial 
absorption must result in a contraction of the 
width of this region and, consequently in a 
reduction of the difference existing in the 
range 3/4 - 1/4. The reduction in diffusion 
of the Fermi boundary at -180°, in comparison 
with room temperature, may also influence the 
contraction of the energetic width of a 
portion of the initial absorption, 


Translated by A.J. Gibson 
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INVESTIGATION OF THE STABILITY OF CRACKS IN A 
MICROSCOPIC MODEL OF A CRYSTAL* 


A.N. ORLOV 
The Institute of the Physics of Metals Akad. Nauk. S.S.S.R. 
(Received 14 February 1959) 


The conditions are determined for the existence of a minimum in the poten- 
tial energy for a simple microscopic model of an elastically extended 
crystal of finite dimensions which contains a crack. The form and dimen- 
sions of the crack are described by three variable parameters. 


1. INTRODUCTION 


According to the modern presentation, the process of brittle fracture in a crystal under 
tensile stresses can be divided into three stages: 1) The formation of a crack nucleus on 
account of local stresses arising close to dislocation concentrations [1], as a result of a 
concentration of vacant sites [2] or a combination of both these effects or as the results of 
the transfer of atoms in phase changes; 2) the growth of the nucleus accompanied by relief 
of the stresses caused by the external load; this stage ends when the dimensions of the crack 
are so large that its further growth continues without further increase of the external load; 
3) the crack spreading over the whole cross section of the crystal. 

In this article the conditions of equilibrium for the cracks in the second stage are re- 
viewed. Although microscopic distortions of the lattice (dimensions of the order of an inter- 
atomic distance) play, apparently, a decisive role in the mechanism of the nucleation of the 
cracks, in the second stage of the crack growth its stability in the actual lattice is deter- 
mined by nearly the same conditions as in the ideal one. Therefore, it is sufficient to 
consider the ideal lattice with a crack. ** 

Griffith [5] first of all studied the problem of a crack from this viewpoint (conforming 
to an amorphous medium) within the framework of elasticity theory. He determined the reduc- 
tion in the elastic energy of a sample upon the opening of a crack, using the stress distri- 
bution in the vicinity of the crack which had been calgulated according to elasticity theory. 
In this straightforward problem the equilibrium form of the cross section of the crack is an 
ellipse, the length of the major semi-axis being 2c. The difference in energy U between the 
elastically strained crystal without a crack, and the crystal with a crack so that the elastic 
stresses have been partially relieved is illustrated as a function of the dimension c by a 
curve with a maximum at 


= = (1) 


where Y- the surface energy; FE — Young’s modulus; o —the stress at large distances from 


* Fiz. metal. metalloved. 8, No.4, 481-493, 1959. 


** As experimental [3] and theoretical [4] studies show, microscopic defects at the edge of the cracks 
may substantially effect the mechanism by which it spreads and the second stage. 
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the crack. The study of the three dimensional problem leads to an analogous results [6, 7]. 

Griffith’s theory possesses a number of faults: 1) The large distortions of the lattice 
close to the edge of the crack are described using the linear theory of elasticity. 2) It 
does not take into account the interaction of the opposite walls of the crack (q.v. however, 
[6]). 3) For a finite crystal the problem is solved only in a general way and the dependence 
of the critical dimensions of the crack on the parameters of the problem cannot be studied 
on account of the cumbersome nature of the solutions. 4) As Elliott [6] remarked and Frenkel 
[8] emphasised (q.v. also [9]) according to Griffith’ s theory a crack which has not achieved 
the critical dimension c* will heal up again of its own accord. Stable nucleating cracks of 
dimensions ¢ <c* are impossible. In order for such cracks to exist the graph U(c) should have 
a minimum at c<c*} 

In the works mentioned the stability of cracks under tensile stresses was considered. It 
can be shown (q.v. e.g. the review [i1]) that in the presence of distortions which impede the 
process of shear deformation (the movement of dislocations) and lead to the formation of 
incompleted shears, it is possible for cracks to be formed where the energy of the crystal, 
as a function of the dimension of the crack c, has a minimum. In other words in a lattice 
with distortions of a definite type stable cracks are possible in the presence of stress con- 
centrations. 


Fig. 1. The transition from the wide to the 
crevice like part of the crack in Frenkel’s model 


Under tensile stresses the possibility of the existence of stable cracks even in the ideal 
lattice is not excluded « priori because the energy of the elastically extended crystal with 
a crack of some optimum dimension c = cg may be smaller then the energy of a crystal with a 
smaller or larger crack. For this it is necessary that, with the growth of C>Co, the energy 
of the elastically distorted region G, (Fig. 2) at the edge of the crack should grow faster 
than the elastic energy due to the relief of stresses in the region G under the central 
part of the crack decreases, and that with the decrease of c <cy the energy of the region Go 
should grow faster than the energy in the region G, diminishes. 

Frenkel [8] studied a model of an elastic body with a crack, actually - a plate with a 
longitudinal crack spreading under the action of the force F which was directed along the 
normal to the surface of the plate. The “chipped off” layer of the plate may be considered 
as a separate cantilever [12]. In such a model equilibrium is possible when the elastic 
energy of the bent “cantilevers’’ and the energy coupling it to the remaining part of the 
plate is compensated by the work of the force F. However, on enlarging the crack, both the 


lthe expression for the energy accepted in £hil’ krut’s paper also does not give a minimm U but has a 
maximum at the critical value for the dimension of the crack which was mentioned by the author. 
Besides we notice that the elliptical form of the crack is not ‘‘chosen” by Griffith, as is confirmed 
in [10] but it is obtained as a result of solving equations of the theory of elasticity. On doing this 
the edge of the crack may appear to be extremely “sharp” ; [6]. 
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energy U, of the free surfaces (the walls of the crack) and also the elastic energy U, of the 
bent ‘‘cantilevers” grow so that this model poorly reflects the state of things when cracks 
appear inside an elastically extended body when the elastic energy is increased and decreased 
only by the energy of the free surfaces. 

Apart from this, in Frenkel’s calculation [8] (which was published after his death) there 
are mistakes. As Rzhanitsyn [13] noticed formula (8a) is not true. Further, as has just been 
pointed out, in the expression for the energy (formula 13 in [8]) all the items should be 
positive and in the formula mentioned the energy U,<0. Finally, the formula (12) for the 
energy U, of the ‘‘crevice like” part of the crack (q.v. our Fig. 1), where according to the 
definition of the length of the crack | (on page 1861) the distance between the planes y + § 
varies from the normal § to 28, is also not true. In fact by considering that in this 
region the force of the interaction of the walls of the crack is equal to (p. 1863) f = 2Fy/§, 
we obtain E}/ 5 for the energy of interaction on unit surface. This quantity must be inte- 
grated with respect to x, from 1 to infinity when the co-ordinate of the edge of the crack 1 
is not an arbitrary point but, by definition, is found from the condition 


If we accept according to Frenkel (formula (10) ), that in the region considered 


y = FO/Ex, 


then we obtain a 
BF2 dx 3F2 

£ x El 


where in agreement with (2) and (3) | = F/E. Thus U, = §F and distinct from the formula (12) 
U, does not depend on the size of the crack 7 but ouly on the slope of the graph (3) deter- 
mined by the force F. 

Hence it follows that in Frenkel’s work the question concerning the existence of stable 
cracks with dimensions less than critical ones are not decided; although, as we shall show 
further on, the fundamental idea of Frenkel, that such cracks are possible, is true. 

Frenkel considered a body of finite dimensions (plate in the direction along the normal 
to the plane of the crack while calculations according to the theory of elasticity for 
Griffith’s cracks were carried out for an infinite body. A body of finite dimensions differs 
from an infinite one in that in it, upon forming a crack and completely relieving the stresses, 
a finite elastic energy is released U, =Le 2F per unit area of the crack. This is determined 
by the dimension of the body L and the size of the relative extension e€. If L and € are 
small then the elastic energy is insufficient to compensate for the free surface energy and 
the formation of cracks is disadvantageous. And in the infinite crystal (L-+o at as small a 
finite € as you like) the energy U,7@ and the formation of cracks is always advantageous. 
Therefore the conditions for the stability of the cracks in a finite and an infinite body 
should not be the same. However since a strict calculation within the framework of the 
elasticity theory gives, for a finite body, a solution that is being criticized, we shall 
consider a simple microscopic model that enables the qualitative aspects of the problem to 


be clarified. 


2. THE MODEL 


We shall consider the model of a crystal composed of point atoms which interact according 
to the law 
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=—a,l 


where v is the potential energy of the interaction of two atoms situated at a distance lI; 
a,, <vare constants. We shall denote 


=x, =u, 1, = (vd4/pa,) —— . (4) 


1, is the equilibrium distance between two free atoms. The instead of v(l) can be written: 


We assume that the energy u(x) does not depend on the distribution of the other atoms sur- 
rounding a given pair. By this we are taking only the central forces into account and we are 
not considering the changes in the energy of the lattice due to changes in the valence angles. 
We further assume that it suffices to be limited to the calculation of the interaction of 

only the nearest neighbour atoms. 

The model described reflects the non-linear character of the inter-atomic forces at large 
distances, in particular in the ‘‘fissure like’ part of the crack. In addition to this it is 
based on essential simplifying assumptions. Therefore in studying the model one cannot expect 
to obtain quantitative results. Hence in the calculations there is no sense in considering 
the actual symmetry of the lattice and it is sufficient to cmsider a simple cubic lattice*. 
In the accepted approximation the total energy of the crystal at absolute zero is equal to 


U= ¥ u,(x). (8) 


The summation is carried out over all the interatomic bonds. In order to find the values 

x, = x ;,, corresponding to the minimum U, the set of equations for oU/dx =0, must be solved 
and the derivatives PU/Ox 9x; should satisfy the conditions for a minimum and the variable 
x, — the boundary conditions for a given form of the external surface of the crystal. 

During the development of the ideas of Born [16] and Frenkel [17] in references [14, 15] 
this problem was solved for the one dimensional case (a chain of given length L, the atoms of 
which interact according to the law (5), or a pile of hard parallel planes, interacting 
according to the same law). If the number of atoms N +1 in the chain (or the planes in the 
pile) is sufficiently large (NS 10%), then even for an insignificant relative extension of 
i<-f-@ « Lo)/Lo =e€ 210°, Lo is the length of a chain with free ends) assymetrical con- 
figurations of the atoms are possible. In these configurations one interatomic distance 
xy = is considerably larger than the rest x,, = = = = and fulfills the 


minimum potentail energy conditions which have the appearance of 


427% 


Since the average interatomic distance is L/N is given so ¢ and 7 are 


where (x) = du/dx. 


* It is known that in the presence of central forces only the lattice with the most densely packed 
atoms is stable and the stability of crystals with any other symmetry cannot be explained. Thus it was 
necessary to carry out the calculation for a densely packed lattice. Although we shall apply the 

method of calculation given below to such a lattice, the working is greatly simplified in the case of a 
simple cubic lattice which has been considered below. It can be assumed that its stability is provided 
by certain additional forces depending, for example, on the valency angles which obstruct only a large 
shear deformation and secure a minimum for the energy of the simple cubic structure. 
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connected by the condition 


(N—I)E+q=L. (7) 


In the case of a “pile” of planes such a configuration corresponds to a crack going right 
throu gh. 

Here we shall show that in the three dimensional model for an inconsiderable uniaxial 
tension a configuration with large interatomic distances is also possible in a limited region 
in the crystal, that is limited cracks which correspond to a potential energy minimum. * 

In order to do this we shall assume that in a lattice with central symmetry all the lines 
joining the nearest neighbour atoms are parts of straight lines which form z/2 families 
(z is the co-ordination number), all the straight lines of one family are parallel to each 
other and through each atom one line of each of the families passes. Each straight line may 
be regarded as a chain of atoms to which all the results of [14, 15] apply. On deforming the 
lattice these chains stretch and in the general case they bend. However, since we are not 
considering the dependence of the energy on the valence angles the energy is determined only 
by the size of the interatomic distances and not by the form of the chains. 


Fig. 2. The distribution of the atomic planes in a 
crystal with a crack 


We shall consider a crystal that is infinite in the x and y directions and has a thickness 
of N -—1 atomic layers along the z axis; the direction in which the stress is applied. We 
shall divide the crystal into prisms with axes in the oz direction and with a basal area of 


* This does not mean that for a given deformation of the outer surface of the crystal other atomic 
configurations are not possible, in particular those with a different lattice symmetry whose energy 
is lower than the ones studied below. The ascertainment of a configuration corresponding to the 
absolute energy minimum is not included in the present work in which is considered only a narrow 
group of configurations + cracks with a definite form. 


** In future the linear dimensions will be expressed in units which are equal to the equilibrial 
interatomic distance in the unstressed crystal. According to (4) it is equal to x =a=1. Therefore 
the length L of the unstressed crystal is numerically equal to the number of atomic layers. 
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such a size d* that on average one crack” is projected onto this area. Due to their small 
number the average distance d between the points of their projection is so large that the 
interaction of the cracks’ elastic fields may be neglected. 

We shall call the interatomic bonds along the x, y and z axes x-, y- and z- bonds respec- 
tively and the energy of interaction of the atoms joined by them - the energies of the bonds 
corresponding to the x- and y- bonds together will be called r-bonds and those composed from 
the z- and r-bonds of the chain — z- and r-chains. Let the lattice be subjected to a relative 
extension € in the Oz direction and in it let it have, at a height z = 0 between the N/2 and 
the N/2 +1 layers, a crack in the form of a disk, radius rg with sharp edges (Fig.2). The 
radius of the plane part of the disk is r,, the thickness of this part is 7. The apices of 
the cones which form the truncated part of the disk lie above the centre of the disk at a 
height of 7/2. From the theory of elasticity [18] it is known that the linear dimensions 
of the region in which, near to the crack, the stresses are relieved are of the order of the 
radius of the crack ro: Therefore at a distance of the order of N/2 © rp/2 atomic layers 
on both sides of the crack, the z-chains should be found not in the equilibrially extended 
state but in a configuration containing one large interatomic space. On the other hand from 
the point of view of the model [14] the z-chains in the Go region (Fig. 2) can be considered 
as being isolated since in this region all the z-chains are similar and the resultant force 
with which the neighbouring chains act on the given one is equal to zero. But according to 
[14] in the isolated chain all the small spaces are equal to each other. In accordance with 
this we suggest that the stresses are relieved in all the Go region and the shear deformation 
is distributed uniformly over the whole of the G, region which is projected onto the ring of 
width ro - Ty If it turns out that the dimension of the stable crack r9 >N then our assump- 
tion concerning the stresses being relieved over the wole thickness of the crystal (as takes 
place in Prenkel’s thin plate) will be justified and the result will not contradict the 
theory of elasticity. If r9 <N, then strictly speaking, we shall apply the result only to 
an hypothetical crystal with a Poisson coefficient equal to zero for which the configuration 
given in Fig. 2 corresponds to a minimum of the elastic energy for any thickness of N. 

The length of the largest interatomic space in the plane part of the crack is equal to 7 
and in the conical part is 


—(%—1) (8) 


The length € of the short spaces in the Go region where 7 “= 7 is equal to €, and ¢, is 
connected to 7 by equation (7). In the G, region 


In order to simplify the calculation we suggest further that the angle at the edge of the 
crack should be so sharp that a =( 14,/2ro)?<1 and in the calculations it is sufficient to 
limit oneself to the first degree of a. 


3. THE CALCULATION OF THE ENERGY OF A CRYSTAL 
CONTAINING A CRACK 


We shall calculate the energy of the model described for the part of a crystal containing a 


* As is mentioned above we are not reviewing the growth mechanism of the cracks. However it must be 
assumed that the number of cracks which form for a definite extension of the crystal is predetermined 

by the number of weak places in the lattice (the assumulations of dislocations and also the accumulations 
of vacant sites) where the growth of cracks is facilitated. For a small extension only the largest 
distortions, which are few, are effective. 
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crack and having the fom of a prism height N — 1 and a basal area of d?, We shall denote 


u(1) ve 
( ) 1, = 


Then the energy of one bond extended to a size € is equal to 
+ €2a?/2, (10) 


the energy of all the Nd? z- bonds in the equilibrially extended lattice is obtained by 
multiplying (10) by Nd?, but the energy of the same volume with a crack considering the x- and 
y-bonds is equal to 


3Na?u, + + U, (11) 


where U is the enery change on forming the crack at a fixed «: U is a function of the para- 
meters ro, B =1:/ro> 1 and 7 which should be determined from the conditions for minimum U 
(if it exists) at given €, N and B, v. We shall present U as the sum of the items which 
are related to the r- and z-bonds 


U =U, +U:. (12) 


The energy of the short bonds is calculated according to formula (10) , the energy of the long 
bonds, intersecting the crack we are writing down in the form of (5) 

The energy of these bonds in the G, region, which are projected onto a ring width ro- 7 
and length 27 ro (since the largest portion of the energy is donated to the short bonds near 
r=re 27 ro and not (ro + r,) must be taken as the length of the parameter of the ring), is 


equal to 


ry 


Ug, = u(x) dr = (1 


To 


and the value of the integral at the upper limit is omitted since at 7 >1 it is considerably 
smaller than uy and, as the calculation shows, also does not affect the values of the deriva- 
tives of U. 

Also omitting the imaginary items in the sum (12) which represent the elastic energy of 
the practically unextended z-bonds in the Go region, i.e. considering possible 


* For a fixed load on the sample the change in energy will be different since on the formation of a 
crack the stress over the continuous section of the sample is increased. For a large enough d this 
condition may be neglected. Then the conclusions are applicable to a crystal under a load proportional 


to €. 


**When the width of the crack is n>1 there are no grounds for considering that the last atom in the 
z-chain belonging to the plane z = n/2 interacts only with that atom in the plane z = -7/2 which 
comes into the same z-chain. One must consider its interaction with all the atoms in the opposite 
wall of the crack. It is possible however to arrange to calculate that this case is discounted in 
choosing the constants 2 and v in (5) so that u(x) for large x is the energy of in’ 2raction of all the 
atoms of one plane with all the atoms of a neighbouring plane which apertains to one z-chain. We shall 
assume that yz and y are chosen in this way. 
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to write (12) in the form 


Nu,a® 


= + D/ri, 


1, =1(r,), 1, =1(r,) = 0,219026, 


A,=A+Ag, 


A =A, +An +472, A, = — — 
A, 
A,= 

23? — 


= 0,0547566 — — + — + —-—— —}). 


(19) 


(20) 


The term ror in (15) represents the energy of the z-bonds and D/r3 the energy of the extended 
r-bonds in the G, region. 
In future it will be more suitable to give the value of A in the form 


A =A, {1 — (2A) — 169], 
= WNe, (22) 
q = = 


(23) 


We note that Ao, and u”, are of the order of the unit a = 1. 


4. AN EXAMINATION OF THE DEPENDENCE OF THE ENERGY 
ON THE PROBLEM’ S PARAMETERS 


The co-ordinates rp, B, 7 of the points Q, at which the energy U is a minimum should 
satisfy the conditions 


0U/dr = 0, =0, JU/d3 =0 


and furthermore at these points the following determinant should be positive; 


8 
where 
(17) 
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D ” uw 
U,, 


it is composed of the second derivatives of U and all its chief minors, e.g. 


” ” 


U,, 


mo 


At first we shall find the points at which the necessary conditions of (24) are fulfilled. 
From the conditions 


= = 28 A,r, — 2D/r3 =0- 


it follows that 


Femin = (D/A) =M 


= (Nuja?/96z)}. 


Consequently the necessary condition for the existence of a minimum is Ay>0. In accordance 
with (16), (17) and (21) the condition for 4, = 0 has the form 


A,[1 — (24; — 107] — 0. 


No Ao 


We shall limit the investigation of the case to quite large N and not very small deformations 
€ , when the second term in (28) is considerably smaller than the first and can be omitted 
(the conditions for a minimum obtained below N~ 10", g>10, 7 > 0.3, B ~3 do not 
contradict this assumption). 

The second condition (24) is written in the form 


= = 4A, + + = B(x) = 0 


if after differentiating r9 is substituted in accordance with (27) in 
The last condition in (24) comes to 


Us = OU/d3 = — Byr2/N) + (8)/r5, 


uy ~! 
B, = (8 + 2) = — + 337°], (31) 
3342 
28% 4. 63 — 1) +? (gs — (32) 
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It can be transformed into the form 


Ars 


C, = A, +B,Y,, C, = A, + 2B,V,, = 


In solving (29) and (30) the terms containing Ag, are omitted on the same grounds as in (27). 
Equation (27) determines a certain surface The conditions Uy = 0 and 
UR = O determine two other surfaces - and r oB . They intersect the surface r9 along curves 
whose projections on the plane of te * 0 are determined by the equations (27) and (31). The 
points of intersection Q;(8x, ma) of these curves are the projections on the plane rp = 0 of 
the unknown points Q; of the intersection of the three surfaces ro "on: and r9 B: ro — we 
find the co-ordinates of the points Q; by substituting B and 7 in (27). 
We shall find the co-ordinates of the points Q;. We shall write the equation of the curves 
B = 0 and C = 0 in the form. 


(35) 


(36) 


fo =C,/Ci- 


By equating the expression (35) and (36) and giving the parameter q a different value we 
shall find the abscissa 8, of the points of intersect ion Q;. It is easier to express q 
through B, 


% = 
q* =9(8,) 


2/25, A 


The graph of q*(B) is shown in Figure 3. It is seen that the intersection of the curves 
B= 0 and C = 0 is possible only at 9>13.75 =9,,, and B> B,.Substituting q in (35) and 
(36) we obtain the equation of the geometrical position of the points of intersection of the 
curves B =Q andC=0. The curve of yy, =7 (By) is given in Figure 4. It is cut short at 
B = 1.55 where q = oo. 

Now we shall establish under what conditions the curve 7 4 lies in the region where A >0. 
The boundary of the region A = 0 for a given q is described by the equation. 


* The equation 7 Pe n © 4s also satisfied at gq") =0. However this solution is not of interest 
since for this 7 = 0 and there are no cracks. 


where : 
(34) 
195 
nf = (14 » 
2 
| where 
(37) 
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The point of intersection of the curves 7“ and % (8x) can be found most simply of all 
graphically. If, for a given gq and values of #, , corresponding to it, according to equation 
(38) equation (39), has real values for and such that 44 then at the 
point 7(3,) it will be true that 4 <0. If (39) does not have real values or 18x) lies out- 
side the interval (74) 72)» then at the point 7(%«) A>O. Therefore one must find the points 
of intersection of oe ‘eraph 7(8%) and the two branches of the graph 74(8,q*(8)), which corres- 
pond to the two values 8, for a given q and shown in Figure 4. The area A >0O is shaded. 


922? O20 226 030% 
Fig. 3. A graph of the function 9* (B) Fig. 4. A graph of the function B (7) 


We move on to the determination of the sign of the determinant D and its minors. Differen- 
tiating U and using (27) we obtain: 


Us, = = — (24; + Adm) ng] (3 — 
Ur, = + (6A; — 2Aan,) ng + (B— 
Un= 2nr,A, {{1 + (2B,¥,—24, + — 2B,;) — Vp}, 
= {6 + (— 124, + 7A 2%) 109 (8 — 1)/8}, 
Urs = | ([—2+ (44) + BV, — +.2B,%,) | || +284, 
Uss = +(— 2A; — + + 9) 19] (24) 
E, =2(3 + 3)/33*, E, = (103* 4+ 33° — 218? + 258 —9/634(8-—1)°, (41) 


ap’ 1 Ag 


The second terms in the curly brackets in (40) are obtained by differentiating Ne We shall 
denote the limited ". fraction of the derivatives of U and also the determinant D and its 


chief minors by the Sinden 1 and the remaining terms of U, D and p(2) hy the index 0. The 
investigation shows that in the region where A >0 the terms Us in the curly brackets are 
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normally of the order 0.1-1 while the terms 0,” contain the additional factor y4-!'~10-?—10-'. 
Therefore at first we shall find points at which Do and its chief minors revert to zero. The 
substitution of 7 in (40) shows that Uden and U are positive for all ~>1, 
and Dy and p{?? change sign close to B = 3. We shall denote the general factors in D and p(2) 
H = H® = 


The dependence of D)/H and of?) 4?) on B is shown in the table. From it and Fig. 4 it is 
seen that only in the narrow interval of B varying from ~ 2.56 to ~2.79 are the conditions for 
minimum U satisfied. Now we shall check whether these conditions are broken if the terms U;, 


TABLE 1 


The values of B. 


Parameters 


2,60 


2.75 


2.80 


3. 00 


q 

D/H 

p{2) 
° 


0. 254 
13.93 

0.00036 

0.031 


0.239 
13.78 

0.00015 

0.022 


0. 238 
13.78 


0.223 
13. 87 
-0.00052 
-0. 098 


D/H 
p(2) 


-0. 00007 
-0.003 


-0. 00010 
-0.005 


D/H 
p(2) (2) 


0. 00032 
0.020 


0.00013 
0.014 


D/H 
p(2)p(2) 


105 


0. 00037 
0.027 


0.00014 
0.020 


are considered. We shall calculate D and its chief minors at B = 2.60 and B = 2.75, Taking 


for estimation = 14, = 0.24 and =1,we find that Ne?=14, Ne =3,7 and 

q~Neqo~09) N~VN. If further it is assumed that n,/A = 1 then the factor 7,/Ao~1, 
4 u,/7Ao=4N —> for N = 103; 104; 105 is equal to 0.13; 0.04; 0.013 respectively and 


€ = = V 14N (43) 


is equal to 0.13; 0.04; 6.013. The values of D/H and p‘?)/y?) considering these additions 
are shown in the following lines of table ‘1. As is seen for N =10* the conditions for 
minimum U are fulfilled in the narrow interval close to B = 2.7 and at N = 10% in general are 
not fulfilled. 

In accordance with (27) the size of a stable crack at B = 2.7 is 


2 p—1 6x 0, 056 


At N= 10°: 10°: 10° the ratio 100r./N is equal to 4; 2.2; 1.3 respectively. 


N 
VO 
-0.00003 8 
0.007 
2D 3 ! 
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Consequently the mode we have considered of an elastically extended crystal without de- 
fects shown in Fig. 2 permits the existence of stable cracks and the conditions for stability 
are fulfilled only within the narrow interval of the values of the problem’s parameters. 
However, since, in accordance with (44) the size of the stable crack is considerably smaller 
than the dimensions of the crystal and, in accordance with the theory of elasticity, the 
model of Fig. 2 is correct only when the size of the crack is of the order of the thickness 
of the crystal or larger then the configuration of a crystal with a stable crack is normally 
unrealized* and the fundamental result of our calculation must be to consider that in a 
crystal without defects stable cracks which do not extend to the surface of the crystal are 
impossible. 


5. A COMPARISON WITH THE RESULTS OF GRIFFITHS 
AND RZHANITSYN 


We shall now consider what relation the conclusion we have obtained bears to Griffith's 
theory and Rzhanitsyn s result [13] according to which stable cracks are impossible. 
Griffith’s formula (1) is obtained for an infinite crystal or one so large that the region 
Gq, in which the stresses are relieved on the formation of a crack, does not reach the surface 
of the crystal. We have considered the opposite case when the Gg region extends to the 
surface. Therefore our results complete Griffith’s theory in the case of a limited crystal** 

Rzhanitsyn [13] considered a rod of finite cross section with a crack, the plane of which 
was perpendicular to the axis of the rod. The length of the rod can be finite. On comparing 
the results of [13] with ours it must be mentioned that in our formula (15) the term D/ r6 
which leads to the existence of a minimum of U(r)o depends essentially on the form of the 
crack. Its dependence on € , through the values of B and 7 minimizing the energy, outlines 
the redistribution of the elastic energy between the Go and G, regions on varying €. Also 
if the value of the elastic energy in the region G, is considered to be independent of € and 
proportional to the perimeter of the crack 27rg as assumed in [13], when the size of the 
diagram area of the additional stresses A in the region G, is considered constant, then the 
function U( ry) will have a maximum. 

In fact we shall consider a crack with a narrow G, region, i.e. the case of p~l. We 
shall denote ro—r; = p< ***. Since for ],, then (15) can be presented in the 
form 


= A (8) r> 4- const - r, + O (0%). 


For small e A >O and the function U(ro) does not have an extreme value, remaining positive. 


* In the model in Fig. 2 the proposed relief of the stresses along the whole length of the z-chains in 
the case ofr Kv can take place only in a strongly anisotropic crystal in which the z-bonds are consider- 
ably stronger than the r-bonds. 


** the formal expression of (27) does not contradict Griffith’s theory because at N-+co and finite 
€ goo and in agreement with (28) 4 <0, that is in an infinite crystal, according to the model 
described in Fig. 2, stable cracks of finite dimensions are impossible. 


*** In (13) the difference ro - 7} is denoted by a, which is considered ‘sufficiently small’’ so that 
the tensile force acting in the G, region may be written in the form 2mr of. 
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For a sufficiently largee A< 0, and from the condition dU/or) = Owe find rg corresponding 
to maximum U. 


(46) 


It is easy to see that the function U(rp, p) has a minimum with respect to p at p = 3rp 
and at @ </o it varies monotonically with p. Therefore in our model the energy U as a 
function of ro and p at the point where e<ry) and ro satisfied (46) has neither a maximum 
nor a minimum. Our calculation shows that if a crystal with a crack is described by several 
parameters (ro, p, R in the case of (13) ) it is necessary to study the energy as a function 
of all these parameters at its extreme values. 


6. CONCLUSIONS 


1. The energy of an elastically extended crystal N atomic layers thick with a crack of 
radius To and of the form shown in Fig. 2 is expressed by formula (15) and has a minimum at 
known values of problem’s parameters N, €,p, v, actually V > 10'!, Ne?8 vy ~ 14. Also the para- 
meters Tq 1, 8, describing the form of the stable crack have the following values: 

8 ~ 2,75; 4 =0,24N¢; ro is determined by formula (44). 

2. Since in accordance with the theory of elasticity the model examined must be considered 
to be applicable to ro N and the conditions found for the stability of the crack are 
realized only at ro ~0.4N‘/4*<N, stable cracks inside an elastically extended ideal crystal 


are not possible. 


Translated by: J.H. Dempster 
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THE DISPERSION OF CURRENT CARRIERS IN COMPOUNDS 
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Much research has been devoted to the study 
of the physical properties of semiconductors 
of the PbS type. This group of crystals 
attracted attention, on one hand because lead 
sulphide and its analogues, thanks to their 
sensitivity to infra-red radiation and their 
transistor properties, can be used as infra- 
red receivers and crystal amplifiers and de- 
tectors; on the other hand the physical pro- 
perties of the compounds of the lead sulphide 
group are distinguished by a number of pro- 
perties which are of great theoretical inter- 
est [4]. 

Thus for example normally in the homologous 
series for semi-conductors the width of the 
forbidden band decreases as the atomic number 
of the constituent elements increases, in 
accordance with the fact that the binding 
energy of the valency electrons decreases with 
the growth of the atomic number. In the PbS 
group an anomaly is observed: the width of 
the forbidden band A € of lead selenide is 
smaller than that of lead telluride. As 
distinct from the majority of semiconductors 
from compounds of the PbS group a positive 
temperature dependence is observed for the 
width of the forbidden band with a coefficient 
of = +4x10°* eV/degree. As is shown in the 
account of [1], a change in the permanent 
lattice should be considered the fundamental 
case of the anomalous temperature dependence 
40 €. The thermal vibrations of the lattice 
should take the negative sign for the tempera- 
ture coefficient. 

Usually semiconductors of the AT VBpVIB 
group, in the first place lead sulphide, are 
related to ionic crystals [2-5]. We think 


* Fiz. metal. metalloved. 8, No.4, 494-502, 1959. 


that there are insufficient grounds for this 
in particular with respect to lead telluride 
and selenide. We shall dwell briefly on the 
problem of determining the type of chemical 
bond. 

Tn spite of the large amount of attention 
which has been and is being devoted to the 
problem of the chemical bond, so far there 
are not sufficiently simple or reliable 
methods for determining the type of bond. 

In crystal chemistry in order to determine 
the type of bond they use such characteri- 
stics as the lattice energy, the dimensions 
and polarizability of the ions, the differ- 
ence of the electronegativities of the com- 
pound’s components. If for example the 
difference of the electronegativities is 
large they consider that the crystal pos- 
sesses an ionic bond, if this difference is 
small - it possesses a covalent bond. How- 
ever all these methods are extremely inac- 
curate and do not give a simple solution to 
the problem. Besides this, on account of the 
experiment al difficulties information about 
a number of the properties of crystals is 
missing, the knowledge of which is essential 
to ascertaining the type of bond. This con- 
cerns first of all the majority of the semi- 
conducting compounds.. 

Ascertaining the character of the chemical 
bond is undoubtedly one of the most important 
tasks of both crystal chemistry and also 
solid state physics. Moreover it must be 
remembered that for the majority of real 
crystals there exists an intermediate type 
of bond and the bond approaches some sort of 
“pure’’ type for only a few substances. 
Besides this, for the most part, crystals 
possess an heterodesmic structure, i.e. a 
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structure in which bonds of different types 
may act between the atoms. Therefore usually 
it is apparently possible to speak only about 
a lesser or greater degree of predominance of 
one or other type of bond in a given crystal 
and not about a “pure” type of bond. 

An analysis of the data from other works 
concerning the physical properties of the 
crystals of the lead sulphide group supports 
our view that, in them, the covalent bond pre- 
dominates over the ionic bond. We shall give 
a few examples. 

1. The formation of one type of bond* or 
another is determined chiefly by the ability 
of the ions of the compound to polarize them- 
selves or to polarize the neighbouring ions. 
The larger is this ability then the more 
strongly is the covalent bond expressed and 
more weakly the ionic. The electric moment 
of unit volume, which characterizes the 
degree of polarization, depends both on the 
induced moment of each ion and also on their 
concentration. Consequently one may judge the 
degree of polarization from the value of 
a./R*, where a,- is the electronic polari- 
zability, R is the radius of the ion. Conm- 
paring the values for the olarizibility and 
the radii of different ions [6] it can be seen 
that for Pbh++, Cu+, Ag+, Hg+t+ @,/R* is much 
greater than for ions of the alkali and 
alkaline earth metals but for 
Te a,/R*,is greater than for the ions 
of the haloids. Consequently in compounds 
containing Pbt* and other cations and S~ and 


other anions the covalent bonds should be 


* The discussion concerns the covalent and ionic 
types of bond. 


** Tt should be noted that the value of the po- 
larizibility of an ion depends on the compound 
which the ion has entered and it may only approx- 
imately be considered that the a@,of a given ion 
is the same for different compounds: 


*** There is a general rule in accordance with 
which cations with an 18-electron outer shell 
polarize neighbouring ions and are polarized 
themselves more strongly than cations with an 
8-electron shell corresponding to an inert gas. 


more strongly expressed than for compounds 
containing the cations Nat and others and the 
anions Cl” and others. 

2. The lattice energies of lead sulphide 
and lead selenide found experimentally by the 
circular Born-Haber process (731 and 735 
kcals/mol) differ significantly from the 
values for the energies calculated according 
to the Born theory for ionic crystals (705 
684 kcals/mol), while for the alkali haloid 
crystals or such oxides as Li 20: NiO and 
ZnO the theory agrees well with experiment: 
for KCl, for example, theory and experiment 
give one and the same value, for NiO the dis- 
agreement is all of 2kcal/mol. 

3. An important criterion which permits 
one to distinguish the ionic crystal from the 
covalent one is the ratio of the values of 
the electronic and ionic polarizabilities 
which is found from the ratio of the static 
(X) and optical (x dielectric con- 
stants. We shall compare the values of 
and X for lead sulphide — for other compounds 
of this group the value of X is unfortunate- 
ly unmeasured. According to Landolt’s 
tables [7] for PbS X =17.9, and X, 17.5 
(for A=6p) according to the results of [8] 
and in the reference [9] the value X, = 
15.3 is given for the D-lines of sodium. 

The difference between the values of X and 
xX, is small and consequently for lead sul- 
phide the electronic polarization should pre- 
dominate over the polarization produced by 
the displacement of the ions. The authors 
[4] give a value of the order of 70 for X 
estimated from the compressibility and the 
frequency of the residual rays, however the 
truth of these results is not clear. 

In S.I. Pekar’s monograph [2] where lead 
sulphide is regarded as an ionic crystal a 
value of 2.81 is taken for xX, which differs 
sharply from the experimental data given 
above. If it is accepted that xX, = 17.5 
then the criterion of the existence of F’- 
centres, the presence of which is used es- 
sentially in [2] to explain a number of the 
properties of PbS, in particular the metal- 
lic character of the electrical conducti- 
vity, is fulfilled much more poorly than 


when xX, = 2.81. 
4. In order to explain the problem of 


which type of bond is predominant in a given 
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compound the study of the kinetic effects 
affords definite interest. In accordance 
with the theory of ionic crystals the mobi- 
lity of the current carriers u at tempera- 
tures lower than the characteristic (@) 
should decrease exponentially with the tem- 
perature rise: u=uo(e*/™_,) and for 
T>€> the theory predicts a power law for 
the decrease: u =u.T 

In the assumption that lead sulphide is an 
ionic crystal S.I. Pekar [2] approximates to 
the graph for the temperature dependence of | 
the mobility of the electrons obtained ex- 
perimentaliy by Iu. A. Dunayev and Iu.P. 
Maslakovets [10] by an exponential. Thus in 
the low temperature region a discrepancy 
between the experimental and theoretical 
graphs is noticed. On comparing these curves 
for u(T) the value of the characteristic 
temperature was found to be equal to 865°K 
in [2] while in [9] for lead sulphide a value 
of 6= 223°K is given and the authors of 
[11], measuring the specific heat, established 
that @ lay within the limits 150-230°K. But 
in this case the measurements carried out by 
Iu.A. Dunayev and Iu.P. Maslakovets refer to 
temperatures above the characteristic for 
which the ionic crystal theory is demanded 
for u~T?, while in the work [10] the func- 
tion u~T *+3 approximates well to the experi- 
mental curve over the whole temperature inter- 
val. 

Thus for lead sulphide the temperature 
dependence of the mobility of the electrons 
does not correspond to the ionic crystal 
theory. Also with reference to lead selenide 
and telluride u~71~5/? above ~100°K as for 
PbS. (q.v. for example [12]). In connexion 
with this, one must point out the error in 
Chazmar and Putli’s [13] interpretation of 
the temperature dependence of the mobility 
of the electrons for lead telluride which 
assumed that PbTe was an ionic crystal with 
a high Debye temperature. From the tempera- 
ture dependence of the electron mobility above 
~450°K they determined @ = 1300°K which 
sharply contradicts the experimental results 
of [11] according to which @~ 120-130°K. 
Petritz and Scanion [14] attempted to explain 
the temperature dependence of the mobility 
of the current carriers in lead sulphide as 
arising from the presence of a simltaneous 


dispersion by the acoustic and optical vibra- 
tions of the lattice. However they did not 
succeed in obtaining the u~775/2 law. 

L.S. Stil’ bans and others [15, 16] suggested 
that the dependence of the type T °/? obser- 
ved for lead telluride by these authors is 
caused by a multiphonic mechanism for dis- 
persing the current carriers the probability 
of which grows with the rise in temperature. 
The suggestion concerning the multiphonic 
dispersion mechanism not only allows the re- 
lation u~7~5/2 to be explained but also 
shows that it can take place in crystals in 
which the covalent bond is predominant. 

Of great interest is the study of the 
thermomagnetic effects which are very sensi- 
tive to the form of the interaction of the 
current carriers with the crystal lattice. 
For different types of chemical bond the 
solid state theory predicts different mechan- 
isms for the dispersion of the current 
carriers [17]. In crystals with an atomic 
lattice the current carriers are dispersed 
by acoustic oscillations, in ionic crystals 
chiefly by optical oscillations which are 
accompanied by the polarization of the sub- 
stance. 

Each form of dispersion corresponds to a 
definite relation between the relaxation 
time of the current carriers (naturally in 
those cases when it can be introduced) and 
the energy and temperature [17]. It is 
usually difficult and sometimes quite impos- 
sible to establish definitely a law for the 
temperature variation of the relaxation time 
using the temperature dependence of the 
galvanic and thermomagnetic effects. This 
can be illustrated from the example of semi- 
conductors for which the mobility of the 
current carriers varies proportionally to 
75/2, or those like copper oxide for which, 
in different temperature intervals, the mo- 
bility of the holes varies according to 
different power laws which are in complete 
disagreement with the theory. The dependence 
of the relaxation time 7 on the energy € 
effects the galvanomagnetic phenomena slight- 
ly (with the exception of the Ettingshausen 
effect [18]) but decisively influences the 
thermomagnetic phenomena, chiefly, the 
Nernst-Ettingshausen effect. 

In the case of weak magnetic fields, iso- 
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thermal conditions (= =— =0) and impurity 


oy dz 
conduction, the dimensionless fields of the 
Nernst-Ettingshausen effects are expressed 
by the formulae [19, 20]: 


where £, and £, are the electric fields 
formed in the directions of the x and y axes, 
and the temperature gradient is directed 
along the x axis and the magnetic field along 
the z axis; the value of r is determined by 
the dependence of the relaxation time of the 
current carriers on the energy: t = 

= to(T)e’—*2; a. and 6. are some constants 
depending only on r and are of the order of 
unity. 

From formulae (1) and (2) it is seen that 
only one sign of the transverse or longitu- 
dinal Nernst-Ettingshausen effect in the case 
of impurity conduction permits the value of 
the index of r to be estimated which is 
characteristic of the type of dispersion: it 
is larger or smaller than a half. A joint 
study of both effects in the region of weak 
magnetic fields permits the value of r to be 
determined and in the regicn of high fields 
r can be found immediately from the longitu- 
dinal effect alone (F, =%-r). As is known 
[17] different mechanisms for the dispersion 
of the current carriers correspond to diff- 
erent values of r: for dispersion by acou- 
stic oscillations r = 0, for dispersion by 
optical oscillations in a polar crystal at 
temperatures below the Dehye temperature 
r = % above the Debye temperature r = 1, 
for dispersion on the ions of the impurity 
r =2. 

We shall analyse the results of the 
research we carried out (they were published 
in part earlier [21]) on the transverse and 
longitudinal Nernst-Ettinshausen effects for 
a number of samples of PbS, PbSe and PbTe. 
For comparison we shall give the results of 
Putli’ s [22] measurements of the transverse 
effect for lead selenide (In [22] there is 
also given a graph of the temperature depen- 


dence Sf the transverse effect for a sample 
of lead telluride which is analogous to the 
corresponding graph for our third sample). 

In Table 1 are given the basic electrical 
properties of all our samples for T = 300°K. 
For the sample of PbTe-3 the data are given 
also at T = 125°K since at 300°K the conduc- 
tions for it is composite. 

The samples PbS, PbSe-1, PbSe-2, PbTe-1 and 
PbTe-3 are polycrystals, PbSe-3 and PbTe-2 
are monocrystals. The samples of PbSe-1 and 
PbTe-3 are obtained by slow cooling of the 
synthesized substance, and PbS, PbSe-2 and 
PbTe-1 by hot pressing. 

In all the samples the temperature co- 
efficient of the electrical conductivity in 
the region of impurity conductivity is nega- 
tive. The region of intrinsic conductivity 
depending on the impurity content begins at 
different temperatures for different samples: 
for PbSe-1 - at ~500°K, for PbSe-3 - at 

700°K, forPbTe-3 - at ~380°K, for the 
remaining samples impurity conductivity 
exists up to ~ 750°K. 

In Figs. 1-5 graphs of the temperature 
dependence of the transverse Nernst-Etting- 
Shausen effect are shown. At low tempera- 
tures, for all samples with the exception 
of PbTe-3, the effect is positive. In the 
region of composite conductivity the effect 
becomes negative in complete agreement with 
the theory [23]. 

The positive sign of F (or the coefficient 


denotes, in agreement with (1) 
no 

Ox 
that the index of r<. 


late the value of r we shall use the results 
of the measurements of the longitudinal 


In order to calcu- 


Nernst-Ettingshausen effect. Since the ther- 
mal conductivity governed by the current 
carriers, is significantly smaller than the 
lattice thermal conductivity for compounds of 
the lead sulphide group (only if the electron 
gas is not strongly degenerate)*, it is 
possible to use formulae for the isothermal 


* Thus for example for a sample of lead sulphide 
[10] with a high concentration of electrons 
(8x10!8 om™3 at 2300°K) 
hot 2 
the electronic and phonic components of the 
thermal conductivity. 
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TABLE 1 


PbTe-3 
300°K 


Electrical PbSe-2 PbSe-3 
characteristics [22] 


125°K 


o (Q"'.. ca”) 450 126 359 | 240 | 1600 | 1100 

R (cm/C) -1,15 42.9 | -2.0 |-1.45 | -14.9 
10728 (en™ 3) 6.5 8.0 | 2.55] 3.7 | 5.1 0. 42° 
u (cm?/V. sec). 430 | 530 98 880 400 | 1950 | 16400° 


* The mobility and the concentration of the electrons in PbTe-3 are calculated from the 


equations for strong magnetic fields since the measurements were carried out in conditions 


u_H 
where >1. 
c 


case in interpreting the experimental 
results. 
From equations (1) and (2) we have 


‘ 2 
Fy 
26, a, 


(3) 


In table 2 the values of F?/F are given 


which have been calculated with the aid of 
(3) for different r. 
The experimental values of F?/F, are the 


following: for PbS 0.1-0.25 in the interval 
130-330°K; for PbSe-1 0.15-0.3 in the inter- 
val 130-300°K and 0.32-0.34 in the interval 
300-350°K; for PbSe-2 0.1-0.22 in the inter- 
val 135-330°K; for PbTe-1 0.2-0.31 in the 
interval 200-320°K; for PbTe-2 0.15-0.25 in 
the interval 200-300°K; for PbTe-3 0.01-0.03 
in the interval 125-220°K (in the temperature 
region where holes still do not influence 
the Nernst-Ettingshausen effect for PbTe-3). 
At high temperatures the longitudinal effect 
which decreases with the rise in tempera- 
ture in proportion to the square of the 
carrier mobility, becomes so small that it 
cannot be measured with a sufficient degree 
of accuracy and consequently the relation 


F2/F, cannot be determined 

A comparison of the experimental results 
with the theoretical ones shown that for all 
samples with the exception of PbTe-3 the 
value of F?/F, corresponds best of all to 
r =0. For PbSe-1 and in a somewhat smaller 
temperature interval for PbTe-1 the experi- 
mental value of ot, agrees well with the 
theoretical ones for r=0. For the other 
samples the disagreement between the ex- 
perimental and theoretical results is larger. 
On reducing the temperature the agreement 
becomes worse for all samples including 
PbSe-1. The deviation of the experimental 
results from those calculated according to 
equation (3) is governed by the partial de- 
generation of the electron gas which in- 
creases on reducing the temperature. Judging 
by the thermoelectromotive force it may be 
concluded that for PbTe-3 the gas of the 
current carriers is not degererate in the 
whole of the temperature interval studied, 
for PbSe-1 and PLSe-3 weak degeneracy should 
occur at very low temperatures, for PbTe-1 
partial degeneracy occurs at temperatures 
lower than <¢250°K, for PbTe-2 degeneracy 
is widespread up to ~300°K, for PbS - up to 


TABLE 2 
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PbTe-1 PbTe-2 
100 
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=350°K, for PbSe-2 up to ~400°K. 


0 


L 
170 200 20 360 


Fig. 1. The dependence of the dimensionless field 
of the transverse Nernst-Ettingshausen effect on 
the temperature for samples of lead sulphide (A) 
and for the first sample of lead telluride (0). 

H = 9200 oersted. 


IS 


-10 


Fig. 2. The dependence of the coefficient of the 
transverse Nernst-Ettingshausen effect on the 
temperature for the first (2) and the third (J) 
[22] of the samples of lead selenide. 


The negative sign for E, and the small 


values of F?/F_ at low temperatures can be 
explained for PbTe-3 by the influence of 
excitation effects on the thermomagnetic 
phenomena. This is also confirmed by the 
temperature variation of the coefficient of 


2 


Fig. 3. The dependence of the dimensionless field 
of the transverse Nernst-Ettingshausen effect on 
the temperature for the second sample of lead 
selenide. H = 9100 oersted. 


200 280 360 600 680% 


~3 


Fig. 4. The dependence of the dimensionless 
field of the transverse Nernst-Ettingshausen 
effect on the temperature for the second sample 
of lead telluride. H = 9950 oersted. 
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the thermoelectromotive force q@: below 
180°K |a|noticeably begins to increase on 
reducing the temperature. 

Thus the combined measurements of the 
longitudinal and transverse Nernst- 
Ettingshausen effects for compounds of the 
PbS group showed that for a region of tem- 
perature where the current carriers inter- 
acted with the lattice vibrations r = 0, 
i.e. the acoustic oscillations are predomi- 
nant in the dispersion. And this signifies 
that the dominant type of bond is the covalent 
bond. 


600 __760__ 920° 


--4 


Fig. 5. The dependence of the coefficient of the 
transverse Nernst-Ettingshausen effect on the 
temperature for the third sample of lead tel- 
luride. 


A.V. Ioffe and A.F. Ioffe, studying the 
connexion between the electronic thermal 
conductivity and the electrical conductivity 
of lead telluride [24], also came to the 
conclusion that r = 0. ‘The value r = 0 was 
obtained by L.S. Stil’ bans and others [15, 16] 
in analysing the measurements of the thermo- 
electromotive force and the mobility for a 
number of samples of lead telluride with 
different impurity contents. 

Knowing that r = 0 it is possible to cal- 
culate with the aid of equation (1) the 
mobility of the current carriers in the tem- 
perature region where Fy >0. Such calcula- 
tions showed that above 200-250°K for all 
samples the mobility of the holes and elec- 
trons vary proportionally to T °/*, at lower 
temperatures u , ~ 771 and for 
PbTe-3 u~ 5/8 up to 120°K. The tempera- 


ture dependence of the mobilities found from 
the transverse Nernst-Ettingshausen effect 
for all samples coincide exactly with the 
corresponding graphs of the mobilities deter- 
mined from the electrical conductivity and 
the Hall effect. However the quantitative 
agreement is not equally good in all cases. 
The values of the Hall and Nemst mobilities 
agree in the temperature interval where F,,>0 
(within the limits of experimental error) for 
PbSe-1 and PbSe-3. For the remaining samples 
apart from PbSe-2 the Hall mobility is 
1.5-2.0 times larger than the Nernst and the 
discrepancy is increased on reducing the 
temperature. The disagreement between the 
results of the Hall and Nernst-Ettingshausen 
effects can be explained by the stronger 
influence of the degeneracy of the gas of 
current carriers on the latter effect. The 
degeneracy leads to a considerable reduction 
in the coefficient of Q* [25] and changes 
Hall’s constant comparatively little. Mm 
increasing the temperature, that is on 
approaching the region of composite conduc- 
tivity, where the field F,, becomes negative 
the Nernst mobilities calculated from (1) 
should also be smaller than the Hall ones due 
to the substantial influence on the value of 
F,, of carriers possessing the other sign. 

For PbSe-2 the opposite phenomenon is 
observed: the Nernst mobilities of the elec- 
trons are approximately 2-2.5 times larger 
than the Hall mobilities. It may be thought 
that this difference is connected with the 
loose packing of the sample’s grain structure 
which brings distortions into the value of 
the electrical conductivity and moreover 
immaterially effects the thermomenetic 
phenomena. 

It should be mentioned that the research 
carried out on samples of lead selenide con- 
taining holes and electrons confirmed that 
the sign of the transverse Nernst-Ettings- 
hausen effect was independent of the sign of 
the current carriers. Besides this an 
interesting fact is established: on decreas- 
ing the temperature the fields F, and F, 
increase without any tendency being found 
towards either a change in sign or even 
saturation. This should testify to the 
extremely small role of the impurity ions in 
the dispersion of the current carriers and 
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consequently also in the temperature depen- 
dence of the mobilities and the kinetic 
effects. So far the reason is not clear why 
such a large concentration of impurity ions 
(1018 -1019 em73) hardly effects the disper- 
sion of the current carriers while for 
germanium, silicon, indium arsenite and 
other semiconductors at an impurity ion con- 
centration of ~1015 om~3 dispersion by them 
predominated up to room temperatures. 

Stil’ bans and others [16] suggested that the 
causes of the weak interaction of the current 
carriers with the impurity ions at large con- 
centrations of the latter could be: 1) the 
formation of impurity zones, 2) the formation 
by donors and acceptors of neutral complexes 
(dipoles), 3) the interaction of the current 
carriers with the impurity lattice and not 
with individual impurity ions (if the dis- 
tance between them is smaller than the wave- 
length of the electron). 

In conclusion one’s attention must be 
tumed to an interesting peculiarity of the 
transverse Nernst-Ettingshausen effect which 
was noticed for lead selenide. It appears 
that the constant Q“ has almost the same 
value for polycrystalline and monocrystalline 
samples of PbSe with close values for the 
mobilities and the concentrations of the 
current carriers (qv. the graphs of Q+/T) for 
the samples PbSe-1 and PbSe-3). This lets 
one consider that the variation of the energy 
surfaces of the holes and electrons from the 
spherical which, according to measurements of 
the resistance in a magnetic field [26], 
looks as though it should take place for lead 
selenide, does not lead to any noticeable 
changes of the numerical coefficient in the 
constant Q*. The question concerning the 
structure of the energy surfaces for compounds 
of the lead selenide group still remains open 
and requires further research. 


Translated by J.H. Dempster 
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SUPERCONDUCTIVITY OF METALS TAKING INTO 
ACCOUNT OVERLAPPING OF THE ENERGY BANDS* 
V.A. MOSKALENKO 
The Moscow State University -— M.V. Lomonosov 
(Received 31 October 1958) 


Using Bogoliubov’s method [1] the effect of the overlapping of energy 
bands of metals on their properties of superconduction was studied. The 
possibility of the transfer of a pair of electrons with opposite momenta 
and spin from one energy band to another due to the action of the lattice 
vibrations is considered. 

Under certain conditions the energy band with the higher density of 
electrons close to the Fermi surface plays the more important role in 
superconductivity. 


1. INTRODUCTION 


Considerable success has been achieved recently in the theory of superconductivity. A new 
method has been developed by N.N. Bogoliubov [1] for the theoretical study of this problem; 
this method depends on the close analogy which exists between the superfluidity of an 
imperfect Bose-gas and the superconductivity of electrons in a metal. An important role in 
the new theory is played by pairs of electrons with opposite momentum and spin which belong 
in the vicinity of the Fermi surface. 

The conception of the above mentioned pairs was put forward by Cooper [2] and is based on 
Bardeen, Cooper and Shrieffer’s [3] approximate variation method. It should be mentioned 
that the actual role of the pair ofelectrons, according to [1], is somewhat different from 
the initial proposals of Cooper. 

However up to the present day a quantitative study of the role of the periodic field of 
the lattice in the properties of superconductivity has been absent, since in the works 
devoted to this problem in recent years the lattice was in fact replaced by an oscillating 


cont inuum. 
Due to the periodic structure of the lattice the energy of the electron may take values 


belonging to the allowed bands. 

Thus it is possible to have the energy zones overlapping so that the boundary Fermi energy 
may, in general, appertain to several zones; therefore the role of the different zones must 
be clarified and the probability of transfers between them estimated. Furthermore a study 
of the role of the Peierls transfer processes (umklapprozess) in the theory of superconduc- 
tivity is of interest (Pines [4] pointed out the necessity of considering them). 

In this article our main attention is devoted to the first question and for simplicity 
the second is neglected. 

A study of the role of overlapping zones is necessary in view of the existence, apparently, 
of similar overlapping in all known superconducting metals. Thus, for example, for super- 
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conductors belonging to the main groups of the periodic table of elements, the s- and p-bands 
overlap. For metals of the transition groups the d- and s-bands overlap. 

d-electrons as well as s- and p-electrons will be described by the band system alhtough, 
as is known, the single electron approximation in the first instance has an extremely limited 
sphere of application. 

For simplicity we shall neglect the magnetic degeneracy of the p- and d-bands, taking into 
consideration several effective densities of the electronic states close to the Fermi surface 
and the average matrix elements for transition caused by the thermal vibrations of the lattice. 

The Hamiltonian of the electron-phonon system being considered may be obtained in our case 
of overlapping energy bands as a direct generalization of Bardeen’s [3] model Hamiltonian. 

We shall denote the energy of the electron in the first energy band by E(k), the chemical 
potential of this band, corrected for the interaction, by A, and the annihilation and 
creation operators for electrons in the first band by «,,, a,4. The intensity of the electron- 
phonon interaction within the limits of the first band is denoted by /,._, 

The corresponding quantities for the second band are denoted by Fy (k), dg, Des, br, I. 

The intensity of the electron-phonon interaction corresponding to transitions between the 
energy bands is denoted by I 12° Using this notation we have: 


k kt -ki -gi 


where V is the volume of the system; s denotes the spin index. The summation in (1) over 
momentum space is limited by the proximity of the Fermi surface 2hw* wide (wis some average 
acoustic frequency). 

The model Hamiltonian (1) can be proved if one uses a method analogous to Tolmachev and 
Tiablikov’s method [6] for proving the usual Bardeen model from Frohlich’ s accurate 
Hamiltonian. 

Without resting in detail on this aspect of the problem we shall just note that the model 
Hamiltonian (t) takes into account the most important, for the superconducting state, coupled 
correlations of electrons with opposite moment and spins. On the grounds of [1, 8, 9] it is 
possible to affirm that, contained in (1), are the important mathematical characteristics 
of Frohlich, initial Hamiltonian (completed by the consideration of overlapping bands) which. 
are essential for the correct description of superconductivity. 


2. THE CALCULATION OF THE THERMODYNAMIC POTENTIAL 


For the study of the superconducting state of a metal, in the Hamiltonian (1), we shall 
complete the transition to the new Fermi-amplitudes according to N.N. Bogoliubov’s 
equations: 


* Both here and later h will denote Planck’s constant divided hy 2 7. 
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then H takes the fom: 


5 


where 
H; = Hi. + Hig, 
Ho. = 21 (8) +2 


k 


Hie (4) (ws — v8) — (8)] (2% 2), 


kO 


k 


by + 
RE 
Ha = —— 
+ He —y2) GE Bt +8 
keg 


H. is obtained from H; by exchanging all the terms referring to the first band by all 


the terms of the second “band and vice verse. 
In (4) the renormalized energies of the elementary excitations Q (2) and 2, (2) are introduced 


which together with u, v, x, and y are due to be determined further on. 


BY (k) we have in mind (k)—)j. 
To calculate the thermodynamic potential of the system we shall use Bloch and Dominisis’ s 


statistical theory for disturbances. [7] 


< > denotes the statistical average over a large Gibb’s ensemble with the Hamiltonian Hy 
while the index c shows that only the connected diagrams must be considered (3 = re 
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By V’ is understood the last five terms of (3), and 
Vi (hae ye 
The thermodynamic potential of the zero approximation is equal to 


Ying (6) 


k 


We move on to the calculation of a first order correction of V’ for the thermodynamic potential. 
In addition to Bloch and Diminisis’s rules [7] for calculating a group of diagrams we shall 
show that the self formed Fermi loop is compared with NV; (k), if its direction is clockwise 


and Nf (h) in the opposite case. 
Also 
1 
N; (k) = ————. Ni (k) = (). 
14 


The dotted line between the nearest points of the diagrams correspond to the potential of 
the quadruple interaction of the quasiparticles. 


F 


The parts of the diagrams which refer to particles of the first band are denoted by the 
index a, and to the second by B 

For the first order in V’ the group of diagrams of Fig. 1 must be considered. Then we 
shall obtain: 


+23 [es — y2)—9, — 
(7) 
I 
g 


We shall determine the parameters u,v; x, y; Q,, Q, from the following conditions. We 


g 
1,2 

H, H, 
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shall require that the diagrams which already appear in the second order (Fig. 2) are fully 
compensated for, and secondly, we shall compensate for the remaining diagrams of the second 
order, the number included of which is proportional to the volume of the system. 

All the same the asymptotic higher approximations at V +o will not add further to the 
thermodynamic potential of the system (Fig. 3). Both the conditions are equivalent to the 
procedure of compensating the diagrams given earlier by Zubarev and Tserkovnikov [8]. 

It must also be mentioned that the conditions formulated are equivalent to the minimum 
condition of equation (7). 


H, H, H, H, H, H, 
af\n a/\a a a a 
+ + + + + + 
H, H, 1H, iH, Hy 
On On Oa 
H, H, Ho 
a 
+ + > + 
i Hy Hy 


Fig. 1. Compensation diagram (Analogue equation of site 
for quasi-particles of the second order) 


Hy H, H, H, 
+ 2 + 2 + 2 + 2 =0 
a a 


Fig. 2. Compensation diagram "correct energy consumption" 
(Analogue figure for quasi-particles f) 


As a result of the calculations we obtain: 


2 (2) 2” ( (k) 


P P P 
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where 


2, (6) =V 
Cy= yg (4) (1 —2N7 (k)), 
k 4 
lig 
Taking (6), (8) and (9) into account equation (7) takes the form 
2 —$2 i 
— 2,8) — Vind y+ 
i=] i=] (10) 
Ci — tC. Cy—7,C 
The terms C, and Cy play the role of gaps in the spectrum of the elementary disturbances. 
On the basis of (9) and (8) we obtain the following equations for their determination: 
(11) 
2V 2 (i) 2V Q, (k) 2 
3. THE DETERMINATION OF THE CRITICAL TEMPERATURE 
AND OF THE PARAMETERS Cy AND Co IN ITS YICINITY 
A non-trivial solution only exists below a certain critical temperature T = T.- On 
approaching this point the parameters C, and Cy tend to zero according to the law 
C,= 8 11, Co=8 Yo, where < = 
The constants {1, 7») satisfy the linear equations (11): 
1 B, 1 2 1 
=> tanh anh ’ 
2 2 (1m 
+! Bp Be £1 
Ye sy anh 9 £ 
ke 


Equating the determinant of this s;stem to zero we obtain an equation for determining ae 


1 +59) +(1 = 0, 
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hw 
2 
8x3 \grad, Ey N,(0) [grad Ee (8 


Py => (0); Po = 


N,(0) and No(0) are the densities of the electronic states close to the Fermi surface for the 


first and second energy bands respectively. 
On the grounds of (13) and (14) we obtain the following expression for the critical 


temperature: 


where 
2p 1p2 (1 (16) 


The sign before the root in equation (16) for should be chosen so that is positive. In 
those cases when this condition is not sufficient for the determination of the sign, the condi- 
tion for the minimum thermodynamic potential of the superconductor is decisive. 

We shall also quote the ratio of the terms y, and y, at the critical point 


1 P (17) 


We shall proceed to find out the expression for Cy and Cy close to the critical temperature. 


With this aim we shall analyse the functions ae tanh a which come into (11), in 
steps (8—B8.) and we shall limit ourselves to the first term of this analysis. 
Equations (11) simplified in this way give 


sinh x- x 

2x° cosh? x/2 


(18) 


where 
F =2) f(x) dx ~ 9,39; f(x) = 


0 


The second relation between the derivatives we obtain from (17) 
(19) 
d3 /¢ T1pi§ ap 
On the grounds of (18) and (19) we obtain the following expressions for the derivatives: 


pi + p2—2(1 — pv pot (20) 
(I — (1 — t) + Tipe (1 — (1 — +) 


(2) =F 


dp 
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dC} + po —2(1 (20) 
2(1— (1 — 2) pas)? + (1 — — 2) tape contd. 


Thus it is obvious that the psrameters Cy and Co themselves have the form 


C? = @- 8) +.. G= (2) (21) 


4. THE DETERMINATION OF THE JUMPS IN THE 
THERMODYNAMIC QUANTITIES 


It is not difficult to check that a phase transition of the first order is absent at the 


critical point. 
Actually in accordance with (10) we have 


0c, Oy 
There force 
av ont (Rk) 2 
iel i=] 
The entropy S of the system av 
=—— 
ae 


thus has the form of the entropy of a free Fermi gas with energies Q,(k), Q,(k). It is 
obvious that (S - SOT = 0 where the index n refers to the normal state. However a phase 
c 


transition of the second order exists at the critical point. The sp. ht. of the system in 
the superconducting state has the form 


23 
ie] 
then as in the normal state we have 
oy = -? = V (N, (0) + Ny (0). (24) 
i 


Thus at the critical point there is a jump in the sp. ht. 
dC? 
¢ 
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Using (20), (25) can be rewritten in the form 


= 
Be (1 — (1 — pok)? + tip2 (1 — (1 —*) 


(26) 


We shall also quote the expression for the critical magnetic field which is necessary to 
destroy the superconducting state in the vicinity of the critical temperature: 


20, 


The larger the jump in the sp. ht. (Az > 0)the more stable will the superconducting state be. 
This condition together with the condition § >0 fully determines the value of €. 
5. THE ENERGY OF THE GROUND STATE 


When the temperature tends to zero the thermodynamic potential goes into the energy of the 
ground state 


jn] 
k 
Thus the parameters C, and Cy are determined from the equations: 
7V (k) + C? ry V + (29) 
®V 8@4+¢3 


Completing the summation over the k-space, instead of (29) the following equations can be 
obtained: 


ho+ (hw)? + C? hw + V + C3 
C, = C, p, In L_ + Cypy tein V 
Ci (30) 


he + V thot ho + V (ro) 
C 4- Pg In C 
1 2 


C,= 1917, In 


Equations (30) have the solution C,, Cy «Aw, therefore we can proceed to the simplified 
equations: 


C, =C,p,In 


+ Cy py In = Cyp,t, Caps in = (31) 
Further we shall denote the ratio of C1Co- by z, then 


C, = Qhwz exp Cy/2. (32) 
Pa (t — 1) 
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where z is determined from the following equation: 
1 1 
Ps Ps pr Zz (33) 


If it is possible to neglect the transitions of pairs between the zones, i.e. if it is assumed 
that t, =0, then 


C, = 2he exp , C, = 2hwexp ern, 


If t;, t, #0, then the solution of (33) can be obtained in the form z = 2g + 2yt eee where 


_ Ps Pa 


For the reasons mentioned above one sign is chosen in these formulae. Finally we obtain: g 


C, = 2hwe exp Ci 


(36) 
where € is determined by equation (16). 


The transition to the superconducting state is accompanied by a loss of energy 


VM, (0) Ci (0) C2). (37) 


6. DISCUSSION OF THE RESULTS 


If the matrix element I,, is equal to zero(t,=t,=0),then the electrons of the two 
bands form two independent sub-systems with different critical transition temperatures in the 
superconducting state (T, T, 

At temperatures above the highest critical temperature both systems are found in the normal 

state. On lowering the temperature at first one system of electrons moves into the super- 
conducting state while the second remains in the normal state. And only on further cooling 
does the second system of electrons move into the superconducting state. 

However if the matrix element I, for a transition between the bands is other than zero 
then the transition to the superconducting state comes simultaneously for both the sub-systems. 
Actually, as is seen from equation (11), the parameter C, reverting to zero leads to C, 

also being equal to zero and vice verse. 

The expressions given in the earlier paragraphs can be simplified for several particular 
values of the parameters in the theory. 

We shall consider the particular case + = 1. 

Then 


E=(p, +62)" (38) 
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and consequently, 


= 1, l4hwex (- ). 
Pi + Pe 


(A2)¢ 3 Ff + 
2n® t1 Pe + te 


It is also possible to quote expressions for the parameters Cy and C, at zero temperature: 


l 
C, (0) = 2hw exp 


If the parameter 7 is not equal to unity a certain simplification of the formulae can 
nevertheless be obtained if one takes into account the fact that the densities of the 


electronic states are different in the different energy bands. 
Before carrying out the simplification one must choose the sign for &:. For the conditions 
where Po—®; and N(0) - N,(0) have the same sign for e. é can be chosen (16). 
As is known the density of the states in the d-band is considerably larger than in the 
s-band (N,(0) >N,(0)), then, if ris not much bigger than unity, for & may be written 


E = + 


and 


0, = 1,14hwexp 
P1 


(41) 


Pi + 


Thus the energy band with a high density of electronic states close to the Fermi surface (the 
d-band) plays the chief part in the determination of the parameters of the superconducting 


state. 
The second band with the lower density alters the value of the physical quantities by the 


order of 
The earlier discussions of this paragraph were based on the assumption that Fe .. I nd 


are positive. 
However a calculation of the coulomb interaction leads to a number of the quantities 


enumerated being reduced and in particular a number of them can become negative in accordance 


with the repulsive nature of the coulomb interaction. 
Since the existence of a superconducting state in the present model is linked with such 
quantities as g and A o being positive we see that in the model considered the criterion of 


superconductivity is less rigid than in Bardeen’s usual model(p >0). 
The present work was undertaken at the suggestion of S.V. Tiablikov to whome the author 


expresses deep gratitude for the help given in its completion. 
I take this opportunity of expressing the warmest thanks to D.N. Zubarev for his discussion 
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of this work and critical comments. 


Translated by J.H. Dempster 
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THE EFFECT OF GEOMETRICAL DISTORTIONS ON THE 


DISTRIBUTION OF THE BACKGROUND 


INTENSITY IN 


X-RAY AND NEUTRON DIFFRACTION PHOTOGRAPHS* 
M.A. KRIVOGLAZ 
Institute of Metal Physics Akad. Nauk Ukr.S.S.R. 
(Received 7 January 1959) 


A study has been made of the characteristics of the background distribution 
close to the lines or spots of Debye, Laue X-ray photographs which were 
obtained by scattering monochromatic radiation with a single crystal. The 
scattering is controlled by the difference between the atomic scattering 


factors and the atomic radii of the components of the solution. 
normally large scattering is observed close to the critical point. 


An ab- 
Equa- 


tions are given which enable the correlation parameters to be determined 
(taking into account the geometrical distortions) for the distribution of 
the background intensity found experimentally for a Debye photograph. 


1. INTRODUCTION 


A study of the diffuse scattering of x- 
rays and thermal neutrons enables a whole 
series of results to be obtained concerning 
the order in the distribution of the atoms in 
the solid solution, the lattice vibrations, 
the constants for interatomic interaction 
etc. Apparently the best method in princi- 
ple which enables the largest number of such 
results to be found with sufficient accuracy, 
is the ionization method for studying the 
scattering of monochromtic radiation by a 
single crystal, which enables one to find the 
distribution of the intensity at all points 
of a cell in the reciprocal lattice. How- 
ever in the exyrimental study of diffuse 
scattering less clumsy methods are often 
used, in which, somehow, there is determined 
the average distribution of the intensity 
(Debye or Laue photograph) or the distribution 
of the intensity at some surface in the space 
of the reciprocal lattice (in the photogra- 
phic study of the scattering of monochromatic 
radiation by a single crystal). 


* Fiz. metal. metalloved. 8, No.4, 514-530, 1959. 


In connexion with this it is interesting to 
find theoretically the distribution of the 
background intensity in an x-ray photograph 
using the research methods already mentioned. 
Moreover the effect of the geometrical dis- 
tortions on the distribution of the intensity 
of the diffuse scat ter ing in the space of 
the reciprocal lattice is mainly studied 
in the theoretical works. In the present 
work will be studied the distribution of the 
background intensity in a Debye, Laue, and 
x-ray photograpl obtained using scattered 
monochromatic radiation with a single crystal. 


* In[ 1] the background in a Debye photograph is 
reviewed. However in this work an assumption, 
which does not correspond to reality, is accepted 
in which the distance between two atoms in the 
solid solution depends only on the kind of atoms 
they are (and does not depend on the kind of atoms 


neighbouring those considered). Besides this, in 


Cih only that part of the scattering was con- 


sidered which corresponded to the “ interference” 
between the scattering connected with the geome- 


: trical distortions and the scattering linked with 


the difference between the atomic scattering fac- 
tors. The scattering which is governed only by 
the geometrical distortions (which is obtained in 
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The main attention will be devoted to the 
study of the background characteristics which 
are connected with the presence, in the ex- 
pression for the intensity of a term which 
tends to infinity in the neighbourhood of 
the reciprocal lattice points. Thus we shall 
proceed from expressions for the intensity of 
the diffuse scattering of monochromatic radi- 
ation by a single crystal Ig which were 
obtained in [8]. Also as in [3] we shall 
calculate only the scattering at non-uniformi- 
ties which are created by the variation in 
the factors for scattering and the atomic 
radii. 

In the case of binary disordered solutions 
for the substitution A-B in the vicinity of 
reciprocal lattice points the expression for 
Ig , according to [3] has the form** 


Gal 7 91 &q 
Here I¢ is expressed in electronic units; 
N is the number of atoms in the crystal; k 
is Boltzmann’s constant; T is the absolute 
temperature; Z\ is the volume of an elemen- 


tary cell; Pe 


N 


4 Fee + - Bg? 


fs) 


is the second deriva- 


tive of the thermodynamic potential of a unit 
of volume for a concentration c; 1 is the 
difference between the wave vectors for the 
scattered and the incident waves; q = 4, - 
2mKk,, where K_ is a vector of the reciprocal 
lattice which is drawn to the centre of the 
cell into which drops the end of the vector 
q,/2m; B is a quantity of the order kTA ~Ug. 
f, and fp are the atomic scattering factors 


continuation 

the second term, which is not accounted for in [1] 
of the analysis of the expression for the inten- 
sity according to the powers of the difference of 
the atomic radii of the components) is not con- 
sidered in [1] although in certain cases, for 
example, in the neighbourhood of reciprocal lat- 
tice points (2), it can give a more intense back- 
ground (especially when the components have close 
atomic scattering factors). Therefore the back- 
ground distribution for a Debye photograph ob- 
tained in [1] may differ substantially from the 
actual distribution. 


**Here and below 9,,9.K,,R, denotes vectors 


for the atoms A and B; 


exp (— 4) +f, exp(— 


2 


where exp (-L,/2) and exp (-L p/2) are the 
factors determining the reduction in the 
amplitude of the scattering for the atoms 
A and B on account of the distortions; e 
is a unit vector lying in the direction 
parallel to the displacements of the atoms 
in the q wave of the fluctuations of the 
coi ponents; represents the amplitude of 
these displacements. In the case of cubic 
crystals a, and e, are equal: 


Cir + 


= g— (lite ens) (1+ Nx, 


D = Cy +2 + C42) My + Me Me + Ny 


(Cyy + + Cag) ny 
(2) 


where the axis of the co-ordinates are taken 
along the cubic axes; n =q/|q|, c;, is the 
modulus of elasticity; €= (e,, - C15 - 
2¢,,)/e,,. The expressions for a and 
@,¢ 2 are obtained from equations (2) by a 
cyclic permutation. For other structures 
the equations for a,e, are given in [4]. In 
the isotropic continuum approximation (€ = 0) 
does not depend on and is equal 
to (a is Poisson’s coefficient) 
1 04, 


> 


=n. 
lal (3) 


For large | q| equation (1) ceases to be 
applicable. In this case it is possible for 


example to express I ) by the correlation 
parameters e (Pp) 


Ig =N(c(1 — €) — cos ge] 


—1, + 


Here p is a lattice vector ande(e) =c?—p4,, 
where P,{ is the probability of the occupa- 
tion of a pair of points, separated by the 
vector p, by A atoms. For larger q equa- 
tion (2) also ceases to be applicable. The 
corresponding equations for the calculation 


of a,¢, are given in [3, 4]. For example, 
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for solutions with a face centred cubic 
lattice a e, are determined by equations (28) 
(29) of a: 


2. THE DISTRIBUTION OF THE BACKGROUND 
INTENSITY IN A DEBYE PHOTOGRAPH 


It is easy to see that the intensity of 
the diffuse scattering by a polycrystal I D 
is connected to the intensity of the scatter- 
ing by a single crystal Ig by the relation 


Ig (q) dS, 


4nq} 


(5) 


where integration is carried out over the 
surface of a sphere of radius |q,|in the space 
of the reciprocal lattice. 

First of all we shall consider scattering 
by an ideal solution. We shall proceed from 
equation (4) in which we shall assume that 
e (pe) =0. First of all it is interesting to 
study which characteristics in the background 
distribution of a Debye photograph are 
brought forward by the term, proportional to 
q *, which tends to inifinity at several 
points of the reciprocal lattice. It is 
obvious that these characteristics will be 
displayed close to the lines on the Debye 
photograph. For the lines |g,| = = 
themselves and for points lying close to the 
lines, on integrating in (5) over sectors of 
the sphere which are situated near the ends 
of the vectors 27K, the term in the ex- 
pression under the integral, proportional 
to q-? =|q, — becomes very large. 

In order to ascertain whether I) has a 
peculiarity close to the lines we shall 
integrate the square of the first term in 
the bracket of equation (1) over the sectors 
of the sphere S, mentioned above which with 
sufficient accuracy may be replaced by flat 
disks perpendicular to the vectors 27K, 
the radius of which r. is considerably 
larger than the shortest distance Q from the 
end of the vector 27K, to the sphere, but 
considerably less than the dimensions of a 
cell of the reciprocal lattice 


m 2n 


where p is the number of lattice points for 
which the vectors 27K, lie at the surface 
of the sphere (the recurrence factor); r 

and $ are the co-ordinates of the points on 
the flat part. In the isotropic continuum 
approximation, considering that, in accord- 


ance with (3) Q///Q?+4 73, and 
carrying out the integration in (6), we 
obtain 


| 
Ip = = (1 — ¢) (7) 


In th’s approximation Ip has no peculiarities 
close to the lines. 

In calculating the elastic anisotropy qua- 
litatively different results are obtained 
depending on whether the given vector 27K, 
is perpendicular to the isodiffuse surface 
T¢ = 0 which crosses the end of this vec- 
tor. In the first case on account of the 
symmetry of the crystal in the plane for 
which gq + I, & is also perpendicular to 9, 
and the isodiffuse surface is parallel to 
the sector S,. Such a case exists, for 
example, for the scattering points (h00O) and 
(hhO) in cubic crystals. In this case as 
in the isotropic continuum approximation the 
expression in the integral in (6) differs 
significantly from zero only in the sector 
of the circle with radius ~ Q,and I, is 
determined from an equation like (7) in which 
a? must be written as 


a? = @ (x) dx: 
(1 + x)? 


0 
(8) 


aq 
(7. 
0 


The values of a* for different crystals can 
be determined by means of numerical inte- 
gration or with the help of approximate 
equations. For example, in the case of € 
weakly anisotropic cubic crystals analysing 
(2) according to the powers of nd consi- 
dering only the linear terms we obtain for 
(hOO) points 
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where S = 

Qualitatively another result is obtained 
in the second case when the observed point 
in the reciprocal lattice does not corres- 
pond to a particular symmetry and as a re- 
sult of the anisotropy of the crystal in the 
plane 7 + 4, the vector e_ is not perpendi- 
cular to q, and the surface I¢ = 0 lies 
at an angle to the sector S, in this case in 
the immediate vicinity of the line on the 
Debye photograph Ip, in agreement with (6) 
takes the assymptotic value: 


Ip PNe(1—c)f ao ln 40 =a, 


Q =|9,|—2n|K,| = cot Ad = cos 
(9) 
where A is the wave length, 26 is the angle 
of scatter A§ = 6—6, (6° corresponds to a 
line on the Debye photograph) and in calcu- 
lating a? the mean is taken over all the 
directions of the vector a in the plane 
q+ 4. In the particular case of cubic 
crystals with an accuracy to the square of 
terms in 


2 5 1 @A\2 
= —-(1 +25)? 
+ 12 (h® + — 2 (Asks + AM 
(AY + + 


As it follows from (9)*, in calculating 
the elastic anisotropy close to the line 
corresponding to junctions in the reciprocal 
lattice of the type being considered, Ip 
has a particular value and for A§—>O it 


* In equation (9) in included a somewhat in- 
determined quantity - the radius of the area 
of integration PAG» of course, arises from the 
expression for the sum I D and the integral 

over the remaining part of the sphere). For 
very small Q (Q “r,), i.e. close to a line 
on the Debye photograph, the value of I D is 

not very sensitive to the value of fe and even 
increasing or decreasing it a few times 

leads to a relatively small change in Ip: 


2 (eg qi)? . 


tends logarithmically to infinity. * (Equal- 
ly as in (9), Ij also contains a term simi- 
lar to that in (7) ). However the line 
always has a finite value and in studying 
the background A® cannot be made as small 
as one likes. Therefore, considering how 
weak the characteristic is,it is not easy 
to find it experimentally. Thus if 
r_~10~!|g,| then for @~ 45° on altering 
406 from the order of 10° to 10°? I‘ is 

D 
doubled. 

In contrast to the square of the first 
term in the last factor of equation (1) the 
square of the second term and the doubled 
product on integration over the allotted 
sectors in the vicinity of the reciprocal 
lattice points give an expression which tends 
to zero if ree 0, Q—»0. In order to deter- 
mine Ip it is necessary to add to the expres- 
sion for I)’ the mean value of the expression 
for I g over the remaining part of the 
surface of integration. The corresponding 
integration for actual crystals can be car- 
ried out numerically. The result obtained 
will give a term in I, which increases as 
73] increases (although generally speaking 
not monotonically). 

We shall now consider the non-ideal solu~- 
tions in which €(p) are other than zero. AS 
follows from (4), (5) in this case Ip has the 
following form: 


1p =N (1c) 2121: - (10) 


* Thus as in the calculation of the anisotropy 
considering the reciprocal lattice points of the 
second type, the distribution of the intensity, 
close to the lines corresponding to points of the 
first type, alters (mainly quantitatively) ifthe 
isodiffuse curves have a non-lemniscular form 
which is determined by the equations (1), (4), and 
an oval form. Such a form should occur close to cer- 
tain points ofthe reciprocal lattice in nucleated 
solutions in which the atoms introduced occupy assym- 
trical positions of several kinds, and also in sub- 
stituted solutions inwhich the fluctuations of the 
correlation parameters play theessential role. An 
analogous kind of logarithmic characteristics close 
to the lines in the Debye photograph should occur 
for the distribution of the intensity of diffuse 
scattering by the thermal vibrations of the lattice. 
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Here | is the number of the co-ordination 
sphere, 24 is the co-ordination number, 


sin® and 


2 
s 


= 


(11) 


where a) is the vector of one of the points 
of the / th co-ordination sphere*. If geo- 
metrical distortions are absent then,obviously 


and (10) are converted into the usual expres- 
sion for the background intensity on a Debye 
photograph of a non-ideal solution. If the 
distortions are present then 9p (|7,|), and 
,(\91\) apparently cannot be calculated ana- 
lytically and must be determined for actual 
crystals by numerical integration over the 
surface of the sphere. For example, for solu- 
tions with a face centred cubic lattice such 
a calculation can be carried out by determin- 
ing ae for each cell of the reciprocal 
lattice into which falls the end of a vector 
q,/2m on integrating over the surface of the 
sphere, according to the equations (28), (29) 
of [4] (we consider the centres of the cells 
to be positioned at the scattering points of 


* For the values of q, corresponding to the neigh- 
bourhood ofa line inthe Debye photograph on numer- 
ical integration over sectors of the surface of the 
sphere which lie close to the ends of the vectors 
27K,» one must take aconsiderbly smaller step in 
the integration oremploy analytical expressions of 
the type (7)-(9) (for thesesectors cosa,, 9: ~ 1). 
We notice that the equations (10),(11) arecorrect 
only inthe case of lattices which arenot very 
strongly distorted when | <1 and a q is not very 
large, i.e. as follows from the criterion (9) 
of [3] all the terms thrown out in the conclusion 
of equation (4) are considerably smaller than 
the terms retained. In doing this however the 
first term in brackets in equation (11), gener- 
ally speaking, is not smaller in comparison with 


the second particularly if 


(a, /s) COS 2.1 J, 


the reciprocal lattice). While the numerical 
integration is carried out and the values of 
the functions %9({9,|), ,(\g,|) are found for 
all q,, equation (10) permits (ife(p) are 
known) one to determine Ip including the cal- 
culation of the distortions. In addition 
this equation enables one to determine, (e.g. 
by the methods of least squares) according 
to the values of Ip found experimentally, the 
correlation parameters for several of the 
first co-ordination spheres with a correc- 
tion for the geometrical distortions of the 
lattice. 

In order to examine the characteristics of 
the background distribution in the neighbour- 
hood of lines on the Debye photograph of a 
non-ideal solution which correspond to the 
term in Ig proportional to q°* we shall 
use equation (1) for Ig. In the isotropic 
continuum approximation the integration of 
the square of the first term in (1) over the 
sectors of the surface mentioned above which 
lie close to the ends of the vectors 
> > Q), in agreement with (1), 
(3), and (5), leads to the following expres- 
sion for Ip: 


Ip 


rp ce + 


Fee (Pee + BQ*) Fm 


Enormous interest is presented by the case 
of solutions the composition and temperature 
of which are close to the composition c = c, 
and the temperature T = T, corresponding to 
the critical point on the graph of the solu- 
bility. At the most critical point = 0. 
Close to it it is possible to assume that 
K In this case 


f(x)=1 


(13) 


For very small deviations from the line in 
the Debye photograph 8Q?< 9, Ip = 
= PNRTf?a*/4p,,A. This equation is correct 
also if is large andthe condition 
accepted in deducing equation (13) is not 
fulfilled. In so far as < Br? 


da 
where a, is the 
ay 
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activity of the A atoms, the given equation 
permits Ip to be calculated according to 
thermodynamic data. As is seen from this 
equation on approaching the critical point 
when 9,,—0, the background intensity close to 
the lines becomes extremely large. We notice 
that in this case the integral over the re- 
maining part of the surface of the sphere has 
a value of the same order as it is far from 
the critical point and Ip determines the main 
part of the background intensity connected 
with the distortions. 

For larger angular deviations from the line 


when 6Q? Jp is equal to Ip = 
=~NkTf*a?/8A8 Q?. Inso far as according to (9) 
Q AS, Ip for this are inversely proportional 
to the square of the angular deviation from 
the line. The graph of the function f(z) is 
drawn in Fig. 1. For comparison a graph of 
the function (1 + 2x2)! is drawn in the same 
figure; this function coincides with f(x) 

at x >1l and x =0. The difference between 
the graphs is not great. Thus close to the 
critical point in the vicinity of each line 
on the Debye photograph the distribution of 
the background intensity has the form of a 
bell shaped curve the position of the maxi- 
mum of which coincides with the position of 
the line . Half the width of the curve (the dis- 
tance between the points at which the 
intensity is half that at the maximum) is 
equal to 


= 1,262 Fec 


66 = ———_ 


1,262 


* par from the critical point the oscillations of 
the background on the pebye photograph are gov- 
erned chiefly by the correlation parameters in 
several of the first co-ordination spheres and the 
maxima of these oscillations do not coincide with 
the lines. On the contrary the narrow curves 

for the background distribution close to the 
critical points, which are observed here, whose 
maxima coincide with the lines, are governed hy 
the correlations at large distances. 


and decreases proportionally to VY 9,, on 
approaching the critical point. Thus the 
maximum of the curve rises in proportion to 
1/¢ ... On increasing the angle of scatter 
2 @ the half width increases in proportion 

to 1/cos@. For the width of the curve which 
is defined as the ratio of its area to its 
maximum height we obtain the same equation 

as (14) in which the numerical coefficient of 
1.262 is replaced by 1.047. For a rough 


estimate of the width of the curve and the 
maximum value of In we assume, in the case of, 


~ 


C= Cx A ws’ 


cot 1. Then 80 


value of Ip at the maximum point of the graph 


ip : times larger than for ideal solu- 


tions. If for example 7,~1000°K, T - Tp 
3°K then 56. is equal to several degrees and 
Ip at the maximum is increased several hun- 
dred times. ** 

In the case of the reflections of the first 
type reviewed above for which the surface 
I @ = 0 which passes through a junction in 
the reciprocal lattice is perpendicular to 
the vector q) including the anisotropy in 
the calculation does not alter the distribu- 
tion Ip in the neighbourhood of the line. 
As before close to the critical point this 
distribution is described by a bell shaped 
curve. At 8Q?<¢®@,, for the determination 
of Ij it is possible to use the equation given 
earlier if a~*, determined by equation (8), 
is substituted for o? in it. For 8Q*>@,, 
it is necessary to replace a” by the quantity 

(  a%(x) 

0 


by equation (8). In the particular case of 
reflections of the type (h0O) for cubic 
crystals to an accuracy up to and including 
the linear terms with respect to ¢, this 
quantity is equal to 


is ~ 


dx, where a2(x) is determined 


** In order to separate the intensity distribution 
corresponding to diffuse scattering and lines in 
the Debye photograph (the maxima of these distri- 
butions coincide) it is essential that the width 
of the lines is small. 


Tp 
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In the case of second order reflections 
when the surface Id = 0 passes through a 
junction and is not perpendicular to the 
vector q,/2% another picture is obtained for 
the background distribution. At BQ?<,, the 
graph of I against Q does not achieve its 
maximum value and tends to infinity according 
to a logarithmic law. Close to the critical 
point at 7?» @,, 1, is equal to 


(15) 
A 


where a’ is determined from equation (9). 

For ?,,->0/), increases even more quickly 
than for first order reflection (or than in 
the isotropic continuum approximation). Far 
from the critical point when Br? <@,,.,/), is 
equal to 


16 
A \Q| 


This expression differs from (9) only in the 
substitution of the factor c(1 - c) by 


kT/@,.A. At BQ?>>@.- it is defined by the 
same equation ~s in the case of first reflex- 


tions in which’ it is necessary however to 
replace a” by aj. 


Earlier an addition to the expression for 
Ip was considered which corresponded to the 
square of the first term in the brackets of 
equation (1). If the distortions are small 
then it can be expected that close to the 
critical point a noticeable addition to the 
expression for Tp near the line gives an in- 
tegral from the doubled product of the terms 
lying within the brackets of equation (1). 

In the isotropic continuum approximation inte- 
grating over those parts of the sphere’s sur- 
face lying close to the ends of the vectors 
2nK, (Q <r) we find that the corresponding 
term Ty in the vicinity of the critical 

point (9,.< fr2) is equal to 


PNRTT(f, — fp) In Peet PQ? (47) 
BQ* 


Comparing (17) with (12) it is not difficult 


Iqila 
to convince oneself that is 
| D | If .—fplQ 


times smaller than I, and in so far as 

IQ\/\qi| < 1, these quantities can be compared 
only for small a (almost the same atomic 
radii). Depending on the signs of f, - fp, 

a and Q, I)’ can be both positive and negative. 
Along both sides of the line the sign of IY 
is different, 

A similar quantity of the same order is 
obtained for I) when anisotropy is taken into 
account in the case of first order reflec- 
tions. For second order reflections at 8Q*>9,, 
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(18) 
V Bere A 


where 


Thus Ih has a value of the same order as in 
the isotropic continuum approximation. For 


K 
npNkTf (f, —fp) a’ (~) 
V 


h=— (19) 


The ratio of the expression (19) for In and 
26% for Ip is of the order 


a and for example 


for can be equal to unity. 


In an analogous way it is possible to 
carry out a study of the characteristics of 
the background distribution on a Debye 
photograph close to the point of a second 
order phase transition. * 


* If the geometrical distortions are neglected 
then, in this case, in the neighbourhood of the 
lines on the Debye photograph Ip has a particular 
logarithmic value [6] which is difficult to find 
experimentally. Taking the distortions into 
account leads to the appearance of an additional 
term, proportional to q re. in the expression for 
Ig. 

In a number of cases, for example, in the con- 
trol of the substitution alloys, the coefficient 
for this term is small and taking the distortions 
into account hardly alters the intensity distri- 
bution. However in crystals which do not possess 
central symmetry in which both below and above 
the transition point, a wave of the fluctuations 
of the remote order parameters cause a wave of 
displacements proportional to it (e.g. in the case 
of seignette’s salt or KH2P04) and also in cry- 
stals in a less symmetric phase close to the cri- 
tical point in which a graph of the second order 
phase changes, is transformed into a graph of 
first order phase changes (e.g. in crystals of the 
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3. THE DISTRIBUTION OF THE BACKGROUND 
INTENSITY IN A LAUE PHOTOGRAPH 


In research on the scattering of x-rays by 
the Laue method they use a non-monochromatic 
(‘‘white”) parallel beam incident on a sta- 
tionary crystal. By I,(|k|) we shall de- 
note the density of the intensity distribu- 
tion of the incident radiation according to 
the value of the wave vector. Then the in- 
tensity of the scattered radiation in the 
Laue photograph is determined by the equation 

2=AJ1,(\k\) where the constant A 
determines the intensity of the radiation 
scattered by one electron (under the same 
conditions) for unit integral intensity of 
the incident radiation. 

A spot on the Laue photograph corresponds 
to values k,. and kao of the wave vectors 
of the scattered and incident waves. We 
shall consider the wave vectors k 9 and ky 
of the scattered and incident waves corres- 

ponding to some neighbour of the marked spot 
(k || ky k but k, is not parallel to and 
Vea = Ry we shall denote 
the difference between the unit vectors para- 
llel to k, and Rao: It gah obvious that in 


the approximation mL The vector 


w indicates the direction of the emission of 
t he observed scattered ray. further by ky 
we shall denote the modulus of the wave 
vectors which correspond to a spot and by 

the difference between the 
modulus of the wave vector k of the scattered 
wave and ko. Since to an accuracy including 
terms of second order smallness 


contd. 

type BaTi03), as is shown in [7] the coefficient 
at q7? on approaching the transition point tends 
to infinity. 

This coefficient also tends to infinity in 
ordered substitution alloys which are close to 
the critical point, in which the graph of the 
Second order phase changes, is transformed into 
the solubility curve [3]. In these cases an 
anomalously large diffusion scatter should be 
observed close to the lines on the Debye photo- 
graph, and the qualitative distribution of the 
background intensity should be the same as in 
the case of the solutions considered earlier 
close to the critical point on the solubility 
curve. 
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= thym + Ak “2, ky = + Ak 
and Roo — Ri = 22K, ~ 91, the vector 


g=k,—k,—27K, is approximately equal tc 


Ak 


The fundamental part of I, close to the 
spot gives the square of the first term in 
the brackets of equation (1). Firstly we 
shall consider this part of the background 


’ NRT a? e,)* 
A 0 + 89) 


far from the critical point when it is 
possible to neglect 8g? side by side with 
Pee In the isotropic continuum approxima- 
tion substituting (3) and (20) in (21) and 
carrying out the integration we obtain: 


2 


m' Foc fi 
m2 +( at 
ko 


B= Al,(k,)-—-— 


Here Y is the angle between ® and 9; 

“ =n sin is the projection of the vector 
® on the plane perpendicular to the vector 

is the projection of the plane 


(22) 


going along the k, and q,, my 

is the component of » in the direction per- 
pendicular to this plane (obviously a,, and 
m, are the angular deviations of the scat- 
tered ray from the direction corresponding 
to the spot in the plane ky, k, and perpendi- 
cular to this plane respectively). 

From (22) it is seen that on approaching a 
spot on a Laue photograph the background 
intensity tends to infinity as 1/m and the 
value of a is proportional to the distance 
from the spot. For a given m™/’~ ~iq|= > 


sin 8, 1.e, I; grows on increasing the 
angle of scatter and reducing the wavelength. 
The intensity distribution I,’ in the plane 
perpendicular to the direction of the scat- 
tered beam k, is characteristic of iso- 
diffuse curves which in agreement with the 
last equation (22) have the form of an 
ellipse for Ij. One of the main axes of 
the ellipse (the longer axis) lies perpendi- 
cular to the plane crossing the vectors ky 
and k, and the other axis lies in this plane. 
The eccentricity of the ellipse is equal to 
cos @, i.e. the isodiffuse curves are 
close to a circle for scattering angles 
close to 180° and for small @ these curves 
are strongly elongated ellipses. 

The double product of the terms in the 
brackets of equation (1) after integration 
give a term in I, of the order 
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where 8k is the region of the values of the 
wave vector moduli for which I( k ) is 
large. As the scattering of ‘‘white” radia- 
tion is being considered 8&~k,~|g,| and 
since m1 the term considered is much smal- 
ler than Ij. It is obvious that the square 
of the second term in the brackets of equa- 
tion (1) also gives a uniform background 
without any peculiarities close to the spots. 
Therefore close to the spots the main part of 
the background intensity is made up from I 1° 
Taking the anisotropy into account little 
alters the qualitative picture of the distri- 
bution of the background intensity close to 
the spot. As it is easy to see from the 
equations (20), (21) that taking the aniso- 
tropy into account leads to the replacement 
in (22) of a? by af, where 


Here Y is the angle between the vostor =” 

which is a projection of the vector m’on the 
plane perpendicular to the vector qy and a 
line dropped from the beginning of the vector 
m’to some point on the straight line AB 
parallel to q4 and passing through the end 
of this vector (Fig.2). The values of a 

and e_ included in ejuation (23) correspond 
to the vector 


In the case of ideal solutions (high ten- 
peratures) @.., which, in agreement with (22) 
determines the temperature dependence of I 1 


is equal to - On reducing the ten- 


kT 
c{i—c)A 
perature in the case of self ordered alloys 


increases and I; decreases. In the case 
of soluble alloys ¢ cc decreases on reducing 
the temperature and J 1 increases. An 
especially large increase in I; should be 
observed about the critical point on approach- 
ing which ¢,.—0. In this case in (21) it 
is not possible to neglectBq2aside by side 
with ¢... Proceeding with the calculation 
of I, according to the equations (21), (3) 
taking into account the term in the isotropic 
continuum approximation, we obtain 


= 


(24) 


(the value of m' in agreement with (22) can be 


replaced by 
2 
2—m 1 
V 


For very small when Bk? equation 
(24) is tranformed into (22). In this region 
of the values of m, I; as before is inversely 
proportional to m’ but the coefficient of 
proportionality close to the critical point 
is very large and I, on approaching this 
point increases sharply. Close to the cri- 
tical point for comparatively small a» the 


opposite inequality > 9,,. starts to 
be fulfilled. In this region 1; = B|\g,|/Gko m’s 


i.e. Ty is inversely proport ional to the cube 
of m’ The value of nm = n at which 


Bk2m’? ~ @,, and the transition from the law 


Ij"? to the law Ij~m >, is proportional 
toV@,,, inversely proportional to k, and 
decreases on approaching the critical point 
and on reducing the wavelength. The form of 
the isodiffuse curves close to the critical 
point is the same as far away from it. 

Analogous effects to the radpid growth of 
I, should also be observed close to points 
of the second order phase change in the above 
mentioned cases when tie lattice distortions 
are substantial (when they increase anomalous- 
ly on approaching the transition point). If 
the distortions can be neglected then the 
characteristics of I 4 re shown more weakly 
so that at the transition point itself Ij 
is proportional to 1/m (6] and not to yas 
as at the critical point in the solubility 
curve (equation (24) ) or at the point of 
the second order phase transition in the 
above mentioned cases when the distortions 

were substantial. 

The equations obtained determine the inten- 
sity distribution depending on the direction 
of the scattered ray and enable us with the 
aid of purely geometrical constructions to 
determine the intensity distribution in a 
Laue photograph taken under different pos- 
sible conditions. 


VO! 


| 
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4. THE DETERMINATION OF THE BACKGROUND 

INTENSITY IN AN X-RAY PHOTOGRAPH WHEN 

MONOCHROMATIC RADIATION IS SCATTERED 
BY A SINGLE CRYSTAL 


Now we shall consider the scattering of 
monochromatic radiation by a single crystal 
the position of which is slightly displaced 
in relation to the position which gives 
correct Bragg reflection. Since scatter by 
a stationary crystal is being considered 
in this case correct reflection is absent. 
However as it is easy to see applying Ewald’s 
construction to the intensity distribution 
determined by equation (1) (c.f. [8], chap. 5) 
close to a point on the x-ray photograph 
corresponding to Bragg reflection (which would 
be obtained if the photograph was taken with 
a rotating crystal) intense maxima of the 
diffuse scattering should be observed. In 
this paragraph the intensity distribution 
close to these maxima will be studied. 

By an we shall denote the vector being 
examined in the reciprocal lattice at a 
position in the single crystal which corres- 
ponds to Bragg reflection. By K, we shall 
denote the vector at the displaced position 


in the crystal. Then Ki—Kyo =|Kal ¥, where 


~, which represents the angular inclination 
of the crystal, is equal to the difference 
between the unit vectors parallel to K, and 
Ko and to a first approximation is perpendi- 
cular to Knot If the axis of rotation is 
perpendicular to K,, then the modulus of the 


vector is equa] to the angle of rotation 
If also the axis of rotation makes an 
angle with K_, then obviously p= dsin . 
Further we shall denote by ko the wave 
vector of the scattered wave which corresponds 
to Bragg reflection (in an undistorted cry- 
stal) and by k, — the wave vector of the dif- 
fusely scattered wave being coasidered 
= We shall represent the angu- 
lar inclination of the scattered beam to the 
direction of k,, by the vector w which is 
equal to the difference between the unit 
and Then kp = kom 
Noticing that h,,—k,—2rK,. =0, we find 
that the vectorg =k, — k, —2nK,is equal to 


=kym —2n|K,| 9. 


First of all we shall consider the case of 
small y when the region of the maximum in- 
tensity the chief role is played by the 
square of the first term in the brackets of 
equation (1). In the isotropic continuum 
approximation, substituting in (1) the ex- 
pression (25) for q (in doing this 2K, can 
be replaced approximately by q,) and expres- 
sion (3) for a, and eq we obtain 
= N kTatf? 


+B + — 2p me) 
(26) 


ke 
(kom? + — my)” 


We shall resolve ® into the component 7 
lying in the plane passing through q, and 


, and the component m, normal to this plane. 
We shall denote the angle between m, andq, 


by a. In the case of reflections for which 


the vectors k,, k,., 9, and y lie in one 
plane the angle a is equal to § (Fig.3). In 
the general case as is seen from Fig.3, a 


and o are connected by the relation 


tana , where is the angle between the 
Cos. -> 
planes passing along the vectors q,, and 


the vectors ky, Roos 


Fig.3 


If one excludes the region near the criti- 
cal point then for small rotations of the 
crystal in the region of the maximum inten- 
sity it is possible to neglect the term 
standing together with @.. in the denomina- 
tor of equation (26). Paying attention to 
the fact that 


mq, z= M, |9,| cos a; mi = m,y sina; 


8 
\ 
x, \ 
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= 2k, sin® = mi + my 


we shall rewrite equation (26) in the form: 


Cn 
Vee A 


4m? sin? 6 cos* a 


{(m,, m,) = 


The dependence of the diffuse scattering in 
the x-ray photograph on the angular inclina- 
tions of ®, and R, for the angle of rotation 
of the crystal a and the reflection which are 
being considered (giving the values of @ and 
is determined by the function f(m,, 
For a given a, this function takes maximum 


(my + m5 sin sina + sint 6)" 


values at the points m,;= + V sin? 6, 


which are symmetrically placed with respect 
to the axis Ro These quantities are euqgal 
to 


sin? 6 costa 


(V m5 + 44% sin? Qbsin sin a) 


(M,) = 


Between the maximum values the function 
f(m,, m,) at m, = 0 takes a minimum value 
equal to zero*. If f(m,, n,) is considered 
as a function of both variables am, and n, 
then it has its maximum values 

cos? a 
(1 F sina)? 
m,=+2y sin 9. Thus the maximum value of the 
background intensity is inversely propor- 
tional to the square of the angular inclina- 
tion of the crystal to the position giving 
Bragg reflection. The widths of the spots 
which form a double spot corresponding to 
diffuse scattering, as well as the distance 
between their maxima, are proportional to the 
angular inclination. The most intense back- 


1 


at the points 


Imax 


* On account of the small terms, thrown out of 
the numerator of equation (26), which are propor- 
tional to and at n, =0 f(m,, m,) takes 
a value other than zero, but a small (of the same 
order as far from the spot) one. 


ground should be observed with the crystal in 


the position which gives Bragg reflection 
2 


=0), when/ (m,, m,)= 4 sin? costaand 


the intensity tends to infinity on approach- 
ing the point on the x-ray photograph at 
which a spot which corresponds to Bragg re- 
flection is observed. 

Considering the second derivative of 
fim, with respect to it is easily 
seen the graph of I’ against n, has a very 
sharp peak close to the maximum where | 
is larger. The larger value of the maximum 
corresponds to the angular inclinations of at 
pointing in the same way as the vector y 
which determines the direction of rotation 
of the crystal. The maximum value of the 
intensity is particularly large if the 
angle of scatter is close to 180° and the 
angles @ and a close to 90°. For small a 
the assymetry of the curves f(m,, n, ) for 
given », is expressed more weakly and the 
distance between the maxima decreases. For 
illustration in Fig.4 are drawn graphs of 
functions f(m,, m2) at m,=0, 
and m,= for a=@=45°.°, (27) 

We notice that the picture obtained on the 
intensity distribution in the “‘extra-spot”’ 
differs from the intensity distribution in 
the ‘‘extra-spot” created by the therml 
vibrations of the lattice. 

Taking into account the double product of 
the terms standing in the brackets and the 
square of the second term in (1) leads to 
the replacement of expression (27) in the 
isotropic continuum approximation by the 
expression 


Cc cosa fx 
{= 
Pec (Vim) af (28) 


The second term in the brackets of this 
equation is significant only at large 


(or at large aa 's), In so far as cosa 
f 


changes sign on changing the direction of my 
this term increases one of the maxima of the 
intensity and decreases the other (exactly 
which maximum is increased depends on the 
Signs of f, - fp and a). The position of 
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the maximum and the general view of the 

funct ion I(m,, m,) which is determined by 
equation (28) are the same as for the’ function 
f(m,, m,). 

If the anisotropy of the crystal is sub- 
stantial and the isotropic continuum approxi- 
mation is not applicable then a general study 
of the intensity distribution in the ‘‘extra- 
spots” cannot be carried out. For actual 
crystals this distribution is not difficult 
to find by substituting in (1) the expression 
(25) for q and determining @_ and e corres- 
ponding to these values of q by equation (2) 
or by analogous equations from [3,4] for 
cubic crystals. Also taking the anisotropy 
into account can noticeably change the 
character of the intensity distribution. A 
particularly obvious difference from (28) 
should occur in the cases (not considered here 
of nucleation alloys in which the foreign 
atoms occupy nonsymmetrical positions between 
lattice points of various types, if the fluc- 
tuations of the correlation parameters play 
a substantial role in the alloys and in the 
case of strongly distorted lattices (e.g. 
ageing alloys in the first stages of ageing). 
In these cases the isodiffuse surfaces in the 
space of the reciprocal lattice have a non- 
lemniscate and oval form and the qualitative 
intensity distribution connected with vibra- 


4 


tions than to the picture considered above. 

As in the cases considered in the previous 
sections on approaching the critical point 
Pe > 0, the intensity of the spot, with res- 
pect to the diffuse scattering, increases 
rapidly. Thus for small angular deviations 
of the crystal from the position giving 
Bragg reflection and small deflections an of 
the scattered beam from the direction cor- 
responding to Bragg reflection, when the 
conditions pg; it is 
possible as pefore to use equation (27) for 
I’ (but in this equation close to the critical 
point ¢., is very small and at f(m,, m,) 
the coefficient is very large). If these 
angular deviations are not small and the 
opposite or then 
in the denominator of equation (26) d cc Can 
be neglected. In this case 


I’ (m,, Ms) = 


(29) 


4m? sin? 6 costa 


+ m2 —4myy sin sina + 442 sin? 6)° 


For a given n, this function takes maximum 
values at the points 


‘ 
m,=-—sinOsina + (30) 


‘ 
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As is seen from (30) both maxima are dis- 
placed in proportion to # and the distance 
between the maxima is almost times smal - 
ler than at a distance from the critical 
point. The values of the function I’ at the 
maximum points is equal to 


64C 
2 
278k sin 0 sina + 


(4 sin 6sina + 


(m,) = 


+ V 2m? + sin? 6 + sin? 6 sin? a) sin* 0 a 


+ V 2m? + 8Y? sin? 6 + sin? 6 sin? 
(31) 


I'(m,, n,) takes the maximum values 
64C 


cos? a 


(—3sina + V 8+ sin? a) (sina+ V 8 + sin?a) sin? 6 ¥ 
(32) 


Inox = 


at the points 
m, => )sin6(sina + V8 +sin?a); m,=0. 


As is seen from (32) these values are inver- 
sely Proportional not to 7, as they are 
at a distance from the critical point, but 
to #*, 1,,, for a given increases 


abruptly as 6-»(Q and particularly as 0g > => 


The equations obtained determine the in- 
tensity of scattered radiation depending on 
the angular deviations of the scattered beam 
and the crystal from the directions corres- 
ponding to Bragg reflection. With the aid 
of geometrical constructions it is simple 
to proceed from these equations to the 
determination of the intensity distribution 
in an x-ray photograph taken under various 
conditions. It is particularly simple to 
carry out the construction for the case when 
the rotation of the crystal is carried out 
around the axis perpendicular to the plane 
passing along the vectors ky, and 
(the spot on the equatorial plane | of the 


film). In this case the vector y lies in 
the plane mentioned, W is equal to the angle 
of rotation, also lies in this plane, 
is normal to it and the angle a is equal to 
half the scattering angle 0. 

In experimental research both characteris- 
tics and “white” radiation are frequently 
used. In this case when taking the photo- 
graph from a single crystal one should ob- 
serve the correct Bragg Laue reflections, the 
“extra-spots” which correspond to the 
diffuse scattering of the characteristic 
radiation, and (usually more weakly) the 
background maxima corresponding to the dif- 
fuse scatter of “white” radiation. 

In conclusion as an illustration of the 
effect of anisotropy on the fom of the 
isodiffuse scattering surfaces in the space 
of the reciprocal lattice we have draw 
(for the case when f, - fp) the isodiffuse 
curves in the plane (001) close to the 


| 
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scatter point (h00) (Fig. 5) and the point | 
(2h,h,0) (Fig. 6) for a cubic crystal where 
the values of the constant are € = 0 (graph 
1), € = -1 (graph 2) and € = -1.5 (graph 
3 in Fig. 5). The graphs are drawn in ar- 
bitrary units. 

We note also that it would be interesting 
to carry out a detailed experimental study of 
the characteristics of the background dis- 
tribution, which have been considered, in 
particular, close to the critical point and 
the points of the second order phase transi- 
tion both with the help of photographic and, 
especially, with the help of ionization 
methods. 


Translated by J.H. Dempster 
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THE INFLUENCE OF THERMOMECHANICAL TREATMENT, 
IN WHICH THE STRESSES ARE CREATED BY 
TWISTING THE SAMPLE, ON THE MAGNETIC 

PROPERTIES OF THE ALLOY VICALLOY* 
M.G. IUZHINSKAIA, Ia.S. SHUR and N.N. IAGOVKINA 
Institute of metal physics Akad. Nauk. SSSR 

(Received 23 March 1959) 


The elastic stresses which are created by twisting are applied to a 
sample of the alloy vicalloy during heat treatment as a result of which 
this alloy acquires a high coercive force. Such thermomechanical treat- 
ment at definite torsional angles leads to the growth of the coercive 
force linked with a rise in the total magnetic anisotropy and also to a 
decrease in the residual induction caused by a reduction in the degree 
of perfection of the longitudinal magnetic texture. 


1. Earlier we showed [1, 2] that thermo- 


mechanical treatment has a substantial effect 
on the magnetic properties of certain highly 
coercive alloys: alloys of the Fe-Co-V 
system (the vicalloy type) and an alloy of Fe 
with 15% Mn. The high coercive force in these 
alloys is obtained after normalizing at 
temperatures of about 500-600°. The thermo- 
mechanical treatment consists of applying a 
tensile stress to samples in the form of wires 
during the normalizing period mentioned. Such 
treatment under certain conditions leads to an 
increase, in the direction of the extension, 
of the coercive force He. the residual induc- 
tion B, and the maximum magnetic energy 
(BH) 

On the grounds of a study of the effect of 
the different types of thermomechanical 
treatment on the magnetic and several other 
characteristics of the alloys a conclusion 
was drawn that the increase of B. which can be 
obtained as a result of thermomechanical 
treatment is governed by the increase in the 
order of the magnetic texture along the 
sample’s axis. An increase in A, is connected 
chiefly with a growth in the total magnetic 
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anisotropy of the structural formations, 
which are isolated magnetic domains, however 
it is suggested that the increase in the 
order of the longitudinal texture also leads 
to a certain increase in He. 

In the experiments carried out earlier on 
thermomechanical treatment, it was not pos- 
sible to estimate immediately which role each 
of the factors mentioned played in the in- 
crease of H.. One of the methods of separa- 
ting the effects of the changes in the tex- 
ture and the increase in the anisotropy of 
the single domain formations is to study the 
influence of thermomechanical treatment, by 
which stresses of another type are created, 
other than those which arise with the stresses 
used before. With this aim we have studied 
the effect of twisting the samples, during 
heat treatment, on their magnetic properties- 

On twisting a wire, stresses are produced 
in it which tend to turn the vector of self 
magnetization to an angle of 45° to the axis 
of the sample. Such stresses as those which 
arise on extension will increase the aniso- 
tropy of the single domain formations. How- 
ever on twisting as distinct from extension, 
the direction of the additional anisotropy 
will not coincide with the axis of the sample. 


Therefore in the case when the sample after 
the usual treatment has a clearly expressed 
longitudinal texture (as happens for samples 
of the observed alloys in the form of wires), 
twisting should cause the destruction of 
this structure. 

A comparison of the effects of extending 
and twisting we carried out in a paper on the 
study of the effects of elastic extensions at 
room temperature on the magnetic properties 
of the alloy, vicalloy, which enabled the 
mechanism of this effect to be explained [3]. 

2. In the present paper the results are 
given of research on the influence of thermo- 
mechanical treatment, in which the stresses 
are created by twisting, on the magnetic 
properties of the alloy, vicalloy, containing 
12% V, 52% Co, and the rest Fe. 

As is known the high coercive state of this 
alloy is achieved as a result of normalizing 
previously deformed samples at a temperature 
of about 600. During this normalizing 
process the precipitation of a finely dis- 
persed non-ferromagnetic Y -phase in the 
ferromagnetic a@-phase occurs. 

The samples are wires 0.6 mm in diameter 
extended with a relative extension of 89%. 
The length of the samples is about 100 m. 

In the heat treatment one of the ends of the 
sample which is being twisted, is held still, 
the other end is attached firmly to the axis 
of the block on which is wound a thread from 
which hangs a weight. The size of the weight 
is chosen to be such that it keeps the sample 
twisted at the given angle. Thus the twisted 
sample is normalized at a constant torsional 
moment. Close to the twisted sample is 
fastened a control sample which is not sub- 
jected to the stresses. Over the samples is 
moved an oven heated to the required tempera- 
ture. The magnetic properties of the samples 
(the graphs of the magnetization and the 
hysteresis loops) are measured by a ballistic 
method. 

3. In Fig. 1 the quantities 7,, 4 1,(B,) 
and 471 if (where I J is the magnetization in 
a field of 2000 oersteds, close to the value 
of the saturation magnetization I,) are given 
for samples with a diameter of 0.6 mm nor- 
malized at one and the same temperature 600° 
for 30 minutes but with different angles of 
twist a@ from 0 to 1.5 degrees per milli- 
metre length of sample. 
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From Fig. 1 it is seen that on increasing 
the anglb of twist, H, of the samples at 
first increases, reaches a maximum, and then 
becomes smaller than for the sample which was 
not twisted. The value of B. on increasing @ 
only decreases. The value of 47 I pat small 
angles @ remains the same as for the un- 
twisted sample, at large angles i oe de- 
creases, 

Analogous results were obtained at normal- 
izing temperatures of 500, 550 and 620°. In 
doing this it was established that on in- 
creasing the normalizing temperature the 
maximum H, and the beginning of the rapid 
drop of 47 I,! started at smaller a than it 
did for lower normalizing temperatures. At 
lower temperatures it is possible to obtain 
a relatively larger increase in H, than at 
high ones. For all normalizing temperatures 
the value of +, only decreases on increasing 
a. As aresult of the reduction in B_ on 
twisting samples during heat treatment it is 
not possible to obtain an increase in (BH) ax 
in comparison with the (B#),,, for samples 
normalized in the optimum regime without the 
application of stresses. 

In Fig. 2, for comparison, have been shown 
the extension o during the heat treatment of 
samples of vicalloy of the same composition 
with a diameter of 1 mm, normalized at 575° 
for 20 minutes. As is seen from Fig. 2 
for small o the quantity 41 remains un- 
changed, on increasing o further the quantity 
4a ly decreases. The value of H_ on increas- 
ing o at first rises and then fails. 4m i. 
on increasing o at first rises somewhat and 
then, for allo which cause a reduction in 
falls. 

From a comparison of the laws obtained 
concerning the effect of twisting and exten- 
sion in the heat treatment of the alloy 
vicalloy it follows that both types of stres- 
ses with heat treatment have a qualitatively 
analogous effect on such magnetic charac- 
teristics as H, and I, The effect of exten- 
Sion and twisting on 8. is different. As a 
result of the extension an increase in B. can 
be obtained; only under the influence of 
very large extending loads, as the result 
of a sharp reduction in I " is a reduction in 
B. observed, Under the influence of twisting 
B. only decreases, This reduction is observed 
even for those atwhich I remains unchanged, 
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47/1, gauss 
10000 


2a,°/mm 


Fig. 1. The dependence of the magnetic properties 
on the size of the angle to which the samples were 
twisted during their heat treatment. 


4. One explanation can be given for the laws 
obtained concerning the effect of the stresses 
in the heat treatment (both the extension and 
the twisting). It is that the application of 
elastic stresses effects the course of the 
structural changes during the normalizing 
process. 2 Small stresses (in Fig. 2 o< 
30 kg/mm ; in Fig. 1 a< 0.5 0/mm) do not 
effect the relation of the phases (the con- 
stancy of I,) leading apparently only to a 
growth in the anisotropy of the single domain 
formations anc also to a change in the mag- 
netic texture. The growth of the anisotropy 
leads to an increase in A, both on extension 
and on twisting. The texture on extension 
remains more completely along the axis of the 
sample therefore 8, increases. On twisting 
the longitudinal texture is destroyed as a 
result of which g, increases. 

Consequently the growth of H, on thermo- 
mechanical treatment is not determined funda- 
mentally by the change in the magnetic tex- 
ture since it can occur also on increasing 
the strength of the longitudinal magnetic tex- 
ture (extension) and on its destruction 
(twisting). Large stresses which are created 
both by extension and by twisting lead to the 
additional decomposition of the Y -phase 
which is accompanied by a decrease inI,, 

B. and 


gauss 
12000 


60 Ke/mm? 


Fig. 2. The dependence of the magnetic properties 
on the size of the load extending the samples 
during the heat treatment. 


5. In the present work it has been estab- 
lished that thermomechanical treatment for 
which stresses are created by twisting the 
sample, have a substantial influence on the 
magnetic properties of the alloy, vicalloy. 
For thermomechanical treatment with relatively. 
small angles of twist it is possible to 
obtain an increase in #_ in comparison with 
the H, of the untwisted sample normalized 
at the same temperature. The value of I, 
for this does not alter, however B. becomes 
smaller. Thermomechanical treatment at 
large angles of twist leads to a reduction 
inT,, and B.. 

The physical processes which lead to a 
change in the magnetic properties on twist- 
ing during heat treatment obviously are ana- 
logous to the processes which occur on 
extension during heat treatment. 

The results obtained are explained on the 
basis of hypotheses concerning the thermo- 
mechanical treatment of highly coercive 
alloys which were suggested earlier [1]. 


Translated by J.H. Dempster 
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The carbide composition of the carbon steels U8 and U12 are 


studied by the magnetic method. 


The presence of three carbide 
phases is confirmed: Fe3C, X Fe,C and € Fe,C. 


The quanitiative 


relation between the carbide phases at different tempering ten- 
peratures was also studied and their stable zones more precisely 


determined. 


1. INTRODUCTION 


A great number of works have been devoted to 
the experimental study of the process of 
carbide formation on tempering a quenched 
carbon steel. Concrete evidence concerning 
the intermediate carbide phase were communi- 
cated by Arbuzov and Kurdiumov [1]. Ina 
number of the succeeding papers the inter- 
mediate phase secured a position in metallur- 
gical terminology and processes arising from 
the ‘‘third transition” are linked with 
transitions in just this phase. 

Papers (2,3] recently published show that 
on tempering quenched carbon steels three 
carbide phases are formed: Fe3C, XFe,C and 
€Fe,C. However up to the present time there 
is no single point of view with regard to the 
number and nature of the carbide phases obser- 
ved on tempering. None of the research 
workers has given a well defined relation 
between the quantity of carbide phases formed 
and the tempering temperature and time. A 
quantitative determination of the X- and 
e -carbides generally speaking has thus far 
not been carried out by anyone. In connexion 
with this we have attempted to develop a 
method for the quantitative analysis of the 
carbide phases of carbon steels. 


* Fiz. metal.metalloved. 8, No.4, 535-542, 1959. 


2. THE BASIS OF THE METHOD OF ANALYSIS 


The physical basis of the proposed method 
is the simple connexion of the megnetic 
saturation with the phase composition of the 
heterogeneous system. Analytically the con- 
nexion of'the magnetization with the phase 
composition when the heterogeneous system is 
saturated is expressed by the equation. 


P, + Po = 100, 


ie} 


where and I,,; are the magnetization at 
saturation for the system studied and its 
i-phase; P, is the volume percentage content 
of the i-phase; Po is the percentage content 
by volume of the non-ferromagnetic phases. 
Usually the magnetization of the non-ferro- 
magnetic phases can be neglected,therefore 
the sum in equation (1) is taken over only 
n ferromagnetic phases. The given relations 
(1) and (2) can be used for calculating the 
quantity of the phase which interests us. 
By quenching the samples being studied to 


> 
56 
vO! 
8 
19° 
1 
(1) 
and 
(2 
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martensite and cold working them it is pos- 
sible later to exclude the retained austenite 
from the observations and to consider that in 
the tempering process only the trans format ion 
of martensite with the separation of the 
carbide phases occurs. 

Firstly we shall consider a normalized 
sample. The structure of such a sample has 
two phases; ferrite + cementite. On the 
grounds of equations (1) and (2) we can write 
in the given case 


(Ip Pp + (3) 


Pg +P, = 100, (4) 


where I @andI, are the magnetization at 
saturation of the sample, ferrite and cemen- 
tite; p gandP, are the percentage contents 
by volume of the ferrite and the cementite. 
Finding P din tems of ®, in (4) and sub- 
stituting it in equation (3) we obtain 


Transforming equation (3) we obtain an 
equution for calculating the percentage con- 
tent by volume of the cementite 


= 100. (5) 


For calculations with equation (5) it is 
necessary to know the magnetization at 
saturation of the ferrite and cementite and 
to measure the magnetization at saturation 
of the samples each time The accuracy of the 
results obtained will be determined by the 
accuracy with which the numerator in equation 
(5) is calculated. From this point of view 
one must carry out the measurements by the 
differential method, i.e. measuring 
directly the difference between the magneti- 
zation at saturation of the ferrite and that 
of the sample. 

However even with the differential method 
the measurements will contain quite signifi- 
cant errors if the quantity of the cementite 
in the sample is small since in this case 
the magnetization at saturation of the fer- 
rite and the sample differ little from one 


another. Therefore it is sensible to 
inerease this difference for a given cemen- 
tite content, which can be done by carrying 
out the measurement at a temperature ex- 
ceeding the Curie point for cementite (210) 
for example at 250°. 

In such a case equation (5) changes into 
the following equation: 

7250 __ 7250 

If the sample contains all three carbides 
(Fe3c, X Fe C, and € Fe C) it is necessary 
to translate them consecutively into the 
paramagnetic state and carry out the measure- 
ments. This is quite possible due to the 
difference between the Curie points of these 
phases. Thus heating to 300° causes not 
only the cementite but also the X -carbide, 
whose Curie point is 260-270°, to transform 
into the paramagnetic state. In the same way 
as for equation (6) we obtain in this case an 
equ-tion for calculating the sum of the per- 
centage contents by volume of cementite and 
the X-carbide 


300 300 


Po+P,= 100, (7) 


300 


where ue isthe magnetization at satura- 
tion at 300° of the remaining ferromagnetic 
phases of the sample. 

On heating to 425° all three carbides go 
into the paramagnetic state (the Curie point 
of the €-carbide is 380-400%, we obtain in 
this case an equation for calculating the 
total percentage content by volume of all 
three carbides similar to equation (6) 


425 7425 


P,+P,+P,=£ 100, 


425 


where Ig425 isthe magnetization at saturation 
at 425° of the remaining ferromagnetic phases 
of the sample. 

Successive calculation according to the 
equations (6), (7) and (8) permit the percen- 
tage content by volume of each carbide to be 
determined individually. But in order to 
carry out the calculation according to these 


formulae it is necessary to have standards 


which would be identical to the phase of the 
sample which remains ferromagnetic at the 
temperatures 250, 300 and 425° The charac- 
ter of this phase and its magnetic properties 
depend on the thermal history of the sample 
being tested. Armco iron can be considered 
with a sufficient degree of accuracy, as the 
standard for the normalized state. for the 
annealed states it is not possible to choose 
standards immediately. However there is 
another way of calculating the quantity of 
carbides in a sample which does not require 
the presence of such a standard. Actually 

in connexion with the equalities (1) and (2) 
it is possible to write down a number of other 
relations 


13° = —— (Ig "(100 —P.) + 12° Pe}, (9) 


250 1190 — P 10 
13°" = 155° (100 — Pe) (10) 


= [100 —(Pe + Py)] + Pe Py). 


P,)|, 


= —— 13°° (100 — 


+ hag i+ 


= 15° (100—(Pe + P,-- 


where 73° and is the saturation 
the respective temperatures 
of the remaining ferromagnetic phases in the 
sample. 

Subtracting equation (10) from equation (9) 
and rearrangement of the results yields an 
equation for calculating the percentage 
content by volume of cementite in the sample 


20 250 20 250 
The subtraction of equation (12) from equation 
(11) and rearrangement gives an equation for 
calculating the percentage content by volume 
of the X-carbide in the sample 


(03° — 13°) — (03 [re — 
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and carrying out the suitable rearrangement 

we obtain an equation for calculating the 
percentage content by volume of the e€-carbide 
in the sample 


(13° — 1925) — (19° — 1929) — [720 


P 
00. 


(17) 


In order to calculate the quantity of the 
carbide phases from the equations (15), (16), 
(17) one must measure the saturation mag- 
netization of the samples being tested at 
room temperature and at a temperature some- 
what above the Curie point of the correspond- 
ing carbide and, besides this, one mst know 
the temperature dependence of the saturation 


(11) magnetization of the ferromag- 
netic base of the sample and the 
(12) saturation magnetization of the 
carbides at room temperature. 

The relative change in the 
saturation magnetization of the 
(13) | ferromagnetic base of the samples 
of carbon steel (K(t) ) with the 
change in temperature is prac- 


tically independent of the carbon content in 
the steel and of its structural state: 


__ 7280 20 
4%, 2 #100 = 
y425 
9.4%, 


In order to calculate the absolute values 
a? -It;) for samples which ‘are in differ- 
ent structural states it is possible to pro- 
ceed from the following considerations. 

At tempering temperatures above 300° the 
ferromagnetic base of the sample differs 
little in its magnetic properties from 
ferrite [4]; the transition of tetragonal 

Peo |martensite into cubic which proceeds 
100 100 in tempering at low temperatures, 


Subtracting from equation (13) equation (14) 


is not very evident in the value 
(16) of the saturation magnetization of 
—__—_—_/ martensite [5]. Therefore for 
tempering at low temperatures (up to 200°) 
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one may with a sufficient degree of accuracy 
write 


Ip =k (t) 12°, 


where 120 is the saturation magnetization of 
the martensite of the steel being studied: 
for ian at high temperatures (above 
300 


Ig —Ig =h(t)Ta> 


where 12° is the saturation magnetization of 
Armco iron; for intermediate tempering 
(from 200 to 300°) one may take a temperature 
dependence half way between those mentioned 
above. There is extremely poor and insuf- 
ficiently well grounded evidence in other 
works concerning the saturation magnetization 
of the carbides of carbon steel. Therefore 
these quantities were determined by us ex- 
perimentally in the following way. 

For the normalized state calculations by 
the first method give reliable results. 
Therefore the quantity of cementite in the 
normalized form was calculated from equation 
(6) (the normalized samples will not contain 
the other carbides) and then the saturation 
magnetization of cementite was calculated 
from equation (15). The method of determin- 
ing the saturation magnetization of the a and 
€ -carbides is somewhat more complicated. 
Samples were taken which contained all three 
types of carbice tempered in the temperature 
interval 150-200 and 300-400°. The quantity 
of cementite in these samples was calculated 
according to equation (15). These calcula- 
tions were carried out by taking martensite 
(for samples tempered at 150-200°) and armco 
iron (for samples tempered at 300-400°) res- 
pectively as standards. Equation (6) was 
used to calculate the difference between the 
saturation magnetization of the standard and 
that of the sample at a temperature of 250° 
for a given cementite content in the sample 


(18) 


250 250 250 Pe 


Yerue= 100 


The actual value of this difference was 
measured. It was shown that it differed 

from that calculated according to equation 
(18) by the quantity 4 since the ferromagnetic 


base of the sample was somewhat different 
from the standard in its magnetic properties. 
Taking this different to the actual satura- 
tion magnetization of the sample at a temper- 
ature of 250° they obtained the relative 
difference between the magnetization of the 
ferromegnetic base of the sample and the 
magnetization of the standard at the given 
temperature 


{7,250 250 250 250 
) act —(/3 send _ 


250 


A 


1250 (19) 
This quantity will have practically the same 
value on heating to a temperature of 300 and 
425° since the temperature dependence of the 
saturation magnetization of the ferromagnetic 
base of the sample and the standard may be 
considered the same. By calculating the 
value 5 from equation (19) it was possible to 
decide what the difference between the sat- 
uration magnetization of the standard and the 
sample at temperatures of 300 and 425° should 
be in order to obtain the correct values for 
the quantities of the X and € -carbides 

in the sample: 


(137° — 107”) = + (21) 


Substituting the corrected values in equation 
(7) and (8) for the difference in the satura- 
tion magnetizations of the standard and the 
sample obtained from equations (20) and (21) 
we obtain the true quantities of the X and 

€ -carbides in the sample. Knowing these 
quantities, we calculated the saturation 
magnetization of these carbides from equation 
(16) and (17). Thus having determined the 
temperature dependence of the saturation 
magnetization of the ferromagnetic base of the 
samples and the values of the saturation 
magnetization of the carbides we can use equa- 
tions (15), (i6),(17) to calculate the quantity 
of each carbide phase inthe carbon steels on 
tempering them in any temperature interval. 


3. THE EXPERIMENTAL METHOD AND MATERIALS 
For the research the carbon tool steels U8 
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TABLE 1 


Phase 4n 13 —4n 


20 425 
ls 


20 300 
gauss 


gauss 


835 
770 
725 


Armco- iron 
Martensite U8 
Martensite U12 


1980 
1820 
1700 


1030 
950 
885 


and U12 were taken which have a carbon content 
of 0.78 and 1.20% respectively. 

The samples were prepared in the form of 
cylinders with a diameter of 8 mm, and length 
20 mm. 

The quenching of the samples to martensite 
was carried out in water from a temperature 
of 880°. Cold working followed immediately 
after quenching and was concluded by cooling 
the quenched samples to a temperature of 
-120°, holding them at this temperature for 
one hour and heating them in air. This led 
to the additional transformation of the re- 
maining austenite into martensite and per- 
mitted the remaining austenite to be excluded 
from further observations, 

Tempering of the samples was carried out 
for 5 hr. in an oil bath at temperatures: 

120; 160; 180; 190; 200; 210 and 240° and in 

a salt bath at the temperatures: 260; 280; 
320; 370; 400; 450; 500 and 600°. The 
quantity of carbide phases in these samples 
was calculated from the formulae (15), (16) 
and (17). The measurement of the values 
(4%/70— 4n/*)was carried out by the method of 
pressing. This method of determining the 
quantity of carbides requires measurements to be 
carried out, heating the samples sometimes to 

a temperature above that at which they are 
tempered, which can lead to a certain addition- 
al transformation of the martensite and 
separation of the carbides. In connexion with 
this the heating period up to each temperature 
was chosen to be as small as possible and was 
of the order of 3 min, 

The preliminary data, essential for the 
calculations, of the temperature dependence 
of the saturation magnetization of the ferro- 
magnetic base of the samples are given in 
Table 1. 

The values of the saturation magnetizations 
determined by us for the carbide phases are 


equal to: 4/20 = 10020 G, 4n/20 = 19890 G, 
= 19470 4, 


4. A DISCUSSION OF THE RESULTS OF THE 
RESEARCH 


The nature of the dependence of the amount 
of the carbide phases on the tempering tem- 
perature for the steels U8 and U12 (Fig. 1) 
obtained as a result of the experiments are 
completely identical, therefore we shall limit 
the description of the graph of the depen- 
dence to only one steel, U8 (Fig, la), The 
graph of the dependence for the steel U12 
(Fig. 16) differs from the graph for the de- 
steel U12 (Fig. 16) differs from the graph 
for the steel U8 only in that at correspon- 
ding tempering temperatures the quantity of 
carbides is approximately 1.5 times larger 
than for the steel U8*. 

An examination of the graph given shows 
that on increasing the tempering temperature 
the rate of formation of all the carbides 
noticeably increases. The rate of formation 
of the lowest temperature €-carbide, which 
achieves a maximum in quantity at a tempering 
temperature of 200°, increases particularly 
rapidly. Further increase of the tempering 
temperature leads to a rapid decrease in the 
quantity of the e€-carbide which testifies to 
the instability of this carbide above 200°. 

The quantity of the intermediate X-carbide 
increases on increasing the tempering temper- 
ature and reaches a maximum at 400°, At a 
tempering temperature of the order of 250° 
some increase in the rate of formation of the 


* The somewhat elevated course for the graph of 
cementite in the steel U12 is explained by the 
fact that on quenching, part of the cementite 
was not transformed into a solid solution. 


X-carbide is observed. Above 400° this 
carbide is unstable and decomposes. 

The quantity of cementite increases con- 
tinually on raising the tempering temperature, 
The decomposition of the § -carbide above 
200° leads to a noticeable increase in the 
rate of formation of the cementite from which 
it follows that the decomposing €-carbide is 
transformed partially into cementite, 

It is probable that part of the €-carbide 
is transformed into the X-carbide which is 
confirmed by the increase in the quantity of 
the X-carbide in the temperature interval 
200- 250° where the rate of decomposition of 
the €-carbide is the largest. 

In the temperature interval 300-400° the 
chief product of the decomposition of the 
€ -carbide is, in all probability, the 
X -carbide since in this interval considerable 
increases in the quantity of X-carbide are 
observed and the growth of the quantity of 
cementite is retarded. At much higher ten- 
peratures (above 400°) the formation of cemen- 
tite is intensified on account of the decom- 
position of both carbides, 

In the graph of the dependence of the total 
quantity of the carbides on the tempering 
temperature there is a clearly expressed fall 
in the region 210-250°. In this region 
intense decomposition of the €-carbide 
occurs. A reduction in the total quantity of 
the carbides can be explained only by the 
intense reaction, in this temperature region, 
of the decomposition of the carbide which is 
low in carbon with respect to the cementite, 
i.e. considering the index x in the formula 
Fe,C is greater than 3. This conclusion that 
the index is greater than 3 is also obtained 
from the higher ferromagnetic properties of 
of X- and €-carbides, which we found, and 
also from the increased rate of separation of 
the €-carbide at tempering temperatures up 
to 200° when the rate of diffusion of the 
carbon is small. 

It is possible to carry out a purely 
qualitative calculation of the values of x, 
assuming that the €-carbide is completely 
transformed into cementite and that the 
cementite forms only on account of the decom- 
position of the €-carbide, In this case, in 
the temperature interval 200-250°, the 
intense reaction below occurs 
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¢ Fe,C — FesC + (x — 3) Fe. 
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Fig. le. The dependence of the quantity of the 

carbide phases, which are formed on tempering, on 

the tempering temperature. The steel U8: 
2—7Fe,C; 3—FesC; 4— the total 


quantity of the carbides. 


16 


TAX 


Lt 


0°00" 200 300 400 500 600 
Tempering temperature 


18 


3 


% of carbide phase 


Fig. 1b. The same as for Fig. 1a for the steel 
U12: Fe,C; 3—FesC; 4— the total 
quantity of the carbides. 


In this the quantity of the €-carbide is 
reduced by 2.7% and the quantity of the 

cementite increases by 2%. On the grounds of 
the reaction given above, having assumed that 


| 
oe 
| 
| 
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the volume percentage differs little from 

that by weight, we compose a ratio, taking 
into consideration the molecular weight of 

the cementite, equal to 180, and the € -carbide 
(56%¢12). Whence we find a value 4.1 for x. 

A value of the same order was found in an 
analogous calculation for the steel U12. 


CONCLUSIONS 


1. A method has been developed for the deter- 
mination of the content of the carbides in 
carbon steels using a magnetic method without 
separating them, 

2 The saturation magnetizations of cementite, 
X and €-carbides have been determined, 

3. The quantitative ratio of cementite, X and 
€-carbides in U8 and U12 steels at various 
temperatures in the interval 120-600° have 
been studied, 

4, The stable zones of e€-carbide, X carbide 
and cementite have been made more precise: 

€ -carbide is formed chiefly at low tempera- 
tures and is stable up to 200°: at higher 


temperatures it decomposes vigorously changing 


into cementite and X-carbide: X-carbide is 
stable up to 400° changing at higher tempera- 
tures into cementite; X and e-carbides prac- 
tically completely disappear only at 600°. 

5. The results obtained allow it to be assumed 
that the X-and €-carbides contain little 
carbon (x >3); a qualitative calculation 
shows that for the €-phase x >4, 


Translated by J.H. Dempster 
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MAGNETIC PROPERTIES, ELECTRICAL CHARACTERISTICS AND 
HARDNESS OF HIGH-CARBON ALLOY STEELS 


It is a well know fact that the magnetic 


properties of steel are extremely sensitive magnets [2]. Subsequently, studies were made 
to variations in the chemical composition and mainly for the purpose of developing magnetic 
microstructure and thereby also to the methods suitable for the control of quality 
mechanical properties of steel [1]. It is of the thermal treatment of steel products 
exactly because of this sensitivity that the and for elucidating the nature of the coercive 
magnetic methods of investigation and control force of hardened steel [3-7]. 
found a wide field of practical applications, In the present series of investigations, a 
Earlier investigations of the magnetic study was made of the magnetic properties 
properties of straight carbon and alloy steels after quenching of a number of instrument 
in quenched condition were undertaken in steels for industrial applications, the 
connexion with the search for a most effec- chemical composition and the magnetic proper- 
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An investigation was made of coercive force and magnetic saturation 
in comparison with the hardness and microstructure of a number of high- 
carbon steels alloyed with tungsten, chromium and manganese, after 
hardening treatment from a wide range of temperatures (780-1250°C). A 
study was made of the dependence of the magnetic properties after 
hardening on the starting structure of steel ShKH15SG and, on the 
basis of such results, a method is put forward for the control of the 
quality of hardening processes for steel parts [22]. 


tive and economic alloy for permanent 


TABLE 1 


Steel 


Chemical composition, by weight 7% 


Hy.» ergs 


Cr Mn si W V 


KhV-5 
khG3** 
Shkh15 
Shkh15SG 
Kh12F1 


1. 42 0.51 0.23 0.25 5.2 0. 25 - - - 11.6+0.2 270 
0.90 1.35 2.43 0.50 - - - < 0.02 | <0.03 | 12.840.6 217 
1.00 1.50 0.30 0.30 - - - < 0.02 | <0.03 | 12.040.5 215 
1. 06 1.45 1.07 0. 50 - - - € 0.02 | <0.03 | 12.040.5 230 
1.44 | 11.60 0. 28 0.34 - 0.23 | 0.86] 0.022 | 0.018 | 14.940.2 223 


**Steel KhG3 was made by re-melting of steel ShKh15SG with an addition of 1.5 % in. This opportunity 
is taken for expressing our thanks to L.VO Smirnov for his supervision of this operation. 


*Fiz. metal. metalloved., 7, NO.4, 543-556, 1959. 
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of which (H,, Hpc) in the initial state after 
annealing are tabulated in table 1. 


1. TEST MATERIALS AND PROCEDURES 


The steels to be investigated were in 
annealed state and had the structure of 
grained pearlite. Stee] KhG3 was also 
annealed, after forging to rods 15 x 15 mn, 
in order to ensure that it had the structure 
of grained pearlite. The tests were carried 
out on testpieces, as used for impact tests, 
whose dimensions were 10 x 10 x 68 mm, The 
heating prior to quenching from the tempera- 
ture of 780-950°C was by means of a laboratory 
muffle furnace, The quenching from the tem- 
peratures of 1000-1250°C was carried out 
after the testpieces were heated in a salt 
bath consisting of Bacl , deoxidized with 
borax, The period of testpiece holding at a 
given temperature was 15 min, after which the 
testpiece was oil-quenched at room temperature. 
At least four testpieces were quenched from 
each temperature; two of them were either 
heated in .air (in the case of quenching from 
the temperature of the order of 780-980°C) or 


in BaCl, salt (for quenching temperatures of 
1000-1250°C), whereas the other two test- 
pieces were heated to the quenching tempera- 
ture in a protective atmospheref, In order 
to follow the degree of decarburization and 
degradation, the testpiece was weighed, with 
an accuracy of + 0.01g, before and after 
quenching, 

The variation in volume of the testpieces 
during the process of treatment with cold, 
was followed by means of measurement of the 
length | of the testpieces using a micrometer 
giving an accuracy of the order of + 0.02 mm. 
For steel Khi2F1, an additional determination 
was also made of the length L before and 
after testpiece quenching; testpieces of 
this steel were heated to the quenching tem- 
perature in a protective atmosphere. The 
results of changes in the weight and dimensions 
of the testpieces (Ap, Al andAL) are 
given in Table 2, 

Coercive force measurements were repeated 
thrice: 1) 1-2 hr after quenching; 2) after 
truing of the testpiece surface (removal of 
surface layer with a thickness of 0. 2-0.3 mm); 
and 3) after final polishing to the dimensions 
of 8 x 8 x 65 mm, After the second and third 


TABLE 2 


Variation in weight ( Ap) of testpieces of various steels in the process 
prior to quenching and their length changes (AL) during annealing and 
subsequent quenching (41). 


KhV-5 KhG 3 


Quenching 


ShKh15SG Kh12F1 


temperature, 


Ap, rjAl, um Al, mu 


Al, Al, 


—0.22) 0.00 
—0.05} — 
—0.25)+-0.04 
+0.09 
+0.17 


+0.02 
+0.08 

+0.30 
+0.30 +0. 30 
+0.30 +0.32 

1100** 


| 
1200"* 


1100*** 


+0.03 
+0. 06 


—0.05 
—0.46]+0.24 


* Heating in air 


** Heating in a container 


*** Heating in a salt bath 


+ The testpiece was placed inside a special cylindrical vessel made in ShKh15SG steel (ext. dia. 


d = 27 mm, height ~ 120 m). 


64 
vol 
8 
19° 
—0.37} 0.00/—0.41 —0.03; 0.00) — 
0.00} — |+0.05 +0.02} — 0.00 
—0.37|+0.04!--0.37 —0.07/ 0.00) — 
0.00, — 0.00; — 0.00; — 0.00 
—, 57}+0.08)— — 
—0,05} — 0.00; — 0.00) — 0.00 
0.00} — 
0.00} — 0.00) — 0.00} — 0.00 
—0.37/+0. — 
—0.08) — |—0.10} — 0.00; — 0.00 
—0.25/+0.18} — 
—0.03} — |-—0.10) — —0.10 
— j-0.17) — —0.35 
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of the above operations, the measurement was 
also made of other properties (I,, HRc p)s 
It was noted that in the test specimens 
quenched from T >950°C, there is a signifi- 
cant drop in the coercive force values already 
after surface polishing (3-5%). The measure- 
ment of coercive force was made by means of 
the ballistic and magnetometric methods with 
an accuracy of + 1.0%. Measurement of 
saturation magnetisability was by means of a 
differential method which involves placing 
the test specimen between two electromagnets 
in the field of 1000, 2000 and 3000 ergs. 

The difference in the specimen magnetisation 
and thet of the standard was calculated from 
the expression: 


Cp 


Sstand 


Sstand—Sspec) _/“stand~//spec 
— |/spec ( B 


Al = ‘spec= 
(1) 


Sstand dn 


The correction terms A and B can be 
ignored in most cases, because S, ee 
= S spec (this was ensured in the specimen 
preparation), The difference in fields 
Hstand — Hspec did not exceed 50 ergs, as it 
was proved by special tests, provided that 
the proportion of austenite in the specimen 
did not exceed 50% The error in the rela- 
tive magnetizability values of the specimens 
did not exceed + 6 gaus, or + 0.5% During 
tests on specimens in which the proportion of 
austenite was higher than 50%, the standard 
was trimmed, This enabled a reduction to be 
achieved in the type B error, which is con- 
ditioned by the field difference Astand - 
- Aspect By extrapolating to zero H > co 
the values were found of saturation magneti- 
sation I ,, for which purpose the magnetisation 
curve was traced for the pearlitic standard 
specimen, on the basis of carefully carried 
out preliminary measurements, 


2. EVALUATION OF EXPERIMENTAL RESULTS 


1. It is clear from the curves given in 

Fig. 1-4, that the coercive force maximum 
corresponds to quenching for the maximum 
hardness of Hr~ = 65. This is the structure 
of “gardenite” or pseudo-crystalline marten- 
site. Depending on the carbon concentration 
and that of the alloying elements, there is a 


change in the form and position of the H, 
maximum on the scale of quenching tempera- 
tures, which is associated with different 
solubilities in austenite of the various 
carbide phases. Thus, at comparatively low 
concentrations of chromium and manganese in 
the KhG3, ShKhi5 and ShKh15SG steels, only 
the cementite type carbides are present in the 
initial structure (Fe,Me) In accord- 
ance with a higher solubility of the manganese- 
type cementite, the position of the maximum 
H, in Fig. 2 corresponds to ~ 810°C, 

Tungsten is only little soluble in cementite 
and it is present in annealed steel] either in 
the composition of binary carbides Fe.W.C, 

or aS a constituent of special carbides of 
tungsten: WC and WC [9,10]. All these 
carbides are practically non-ferromagnetic 

and have a low solubility in austenite during 
the heating to the quenching temperature. 

The maximum in the H curve for steel KhV-5 
(Fig.1) has a very diffuse appearance (810- 
950°C). This fact is explained by the pre- 
sence in the initial structure of steel] KhV-5 
of a whole series of carbide phases with 
various stability degrees during neating. If 
judged in terms of variation in the satura- 
tion magnetisability, coercive force and the 
specific resistance as functions of increas- 
ing quenching temperatures, it can be assumed 
that, during the heating to 1000°C and 
specimen holding at this temperature for 15 
min., all the carbides which are at all 
soluble, pass fully into the ¥-solid solu- 
tion. 

Depending on the carbon and alloying 
elements contents in steel, which fix the 
position of the martensite point, the maxi- 
mum amount of the residual austenite in 
steels KhV-5 and KhG3 is of the order of 70%, 
while in steels ShKh15SG and ShKhi5 it reaches 
the values of 40 and 30%, respectively, 

In Kh12F1 steel (Fig.5), the martensite 
point is lowered within a wide range (400-0°C) 
as the quenching temperatures are increased, 
The final point of the martensitic trans- 
formation is reduced from +300°C (for quench- 
ing from the temperature of 900°C) to -180°C 
(for quenching from 1200°C) [11]. This makes 
it possible to modify the phase composition 
of steel] after its quenching over almost the 
whole of its composition range (from 0 to 
98%), i.e. it is possible to obtain residual 
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austenite concentrations up to 98%. 


Ho oersteds Be gauss 


80 = /600 


4S 


600 900 1000 1100 1200 
Quenching temperature °C 


Fig. 1. Magnetic (H,, I,) electrical (p) and 
mechanical (HRc) properties of KhV-5 steel after 
its quenching from various temperatures into oil 
at room temperature. The holding period at the 
quenching temperature was 15 min 
after quenching; 

with cold (-196°C); at the liquid 
nitrogen temperature (-196°C); 1 - specimen 
heating without any special protective measures. 
The specimen dimensions were checked after polish- 
ing to see that there has been no change; 2 - the 
specimen dimensions after grinding were corrected 
exactly to 8x8x65.5 mm; 3 — specimen heated 
inside a vessel; its dimensions were checked for 
accuracy after grinding; 4 — specimen heating 
inside a vessel; its dimensions were corrected 
after grinding to be exactly 8 x 8 x 65.5 mm. 


after treatment 


During the homogenization and anneal ing 
treatments of this steel, there are formed, 


apart from the cementite-type carbide 
(Fe, Cr) ,C, also special chromium carbides: 
(Cr, Fe) Cg and CrogCg (8, 12]. 


Ho oersteds gauss 


1400 


4, 


4, 
50 800 900 1100 
Quenching temper&ture °c 


Fig. 2. Magnetic (H,, I,), electrical (p) and 
mechanical (HR) properties of steel KhG3 after 
its quenching from various temperatures in oil at 
room temperature. The duration of holding at the 
quenching temperature was 15 min. 


Consequently, in the quenching temperatures 
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interval from 800-950°C (Fig.5), there sets in 
a transition of the (Fe, Cr) gC carbide, of the 
cementite type, into the Y-solid solution, 
The rate of increase in the coercive force, 
hardness and resistivity values drops progres- 
sively as all carbides of the (Fe,Cr) 3c type 
pass in the ¥Y-solid solution. 

A certain increase in the saturation mag- 
netisability, because of an increase in the 
residual austenite content in this interval, 
is compensated by a rise of magnetisability 
on account of the transition of weakly- 
magnetic carbides into the Y-solid solution, 
The net result is that the saturation mag- 
netisability remains constant right up to the 
quenching temperature of 950°C, 

Starting with the temperature of 950° and 
up to 1080°C, it is mainly the trigonal 
chromium carbide (Cr,Fe) [12] which passes 
into Y-solid solution, Because of this, 
there is found a new rise in the coercive 
force, hardness and resistivity values and a 
rapid drop in the saturation magnetisability, 
which is associated with overcoming of the 
effect of the rising content of the residual 
austenite, in comparison with the influence 
of the reducing concentration of the weakly, 
magnetic carbides, 

During a further increase in the quenching 
temperature, the effect of the specimen 
surface layer depletion begins to manifest 
itself both in the value of the surface 
hardness and in the values of the saturation 
magnetisability and coercive force. However, 
it is clear from the properties shown by 
specimens, which were heated to the quenching 
temperature in a protective atmosphere, that, 
paralle] with a rapid drop in the residual 
austenite contents, there is also a rapid 
increase in the coercive force values. Such 
a rapid variation in the phase composition 
and properties within the quenching tempera- 
ture interval from 1080-1250°C, is associated 
with a rapid increase in the austenite grain 
size after the cubic chromium carbide, and 
perhaps also the special vanadium carbide VC, 
have passed into the Y-solid solution. It 
is extremely likely, that a full dissolution 
of the above two carbides (and especially of 
VC) is not achieved even at the temperature 
of 1250°C. Furthermore, according to the 
phase composition diagram of the Fe-C-Cr 
system, steel melting along the grain boun- 


daries sets in after heating to the tempera- 
ture of 1250°C, this fact being shown in 
microscopic thin sections in the form of an 
eutectic (ledeburite). 


oersteds 


600 
900 1000 1100 
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Fig. 3. Magnetic (H,, I,) properties and hard- 
ness (HR) of steel Shkh15 after its quenching 
from various temperatures into oil at room tem- 
perature. The duration of specimen holding at 
the quenching temperature was 15 min. 


2. The modern theory of technical magnetisa- 
tion and re-magnetisation, i.e. the theory of 
critical field Hy ~H,, the value of which, 
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in the first approximation, also determines 
the coercive force H,, provides a fully 
satisfactory explanation of the behaviour 

of the magnetic properties of steel] as a 
function of changes in the steel structure 
and stresses [13-17]. According to the stress 
theory [13], and bearing in mind the high 
level of the second order stresses present in 
steel quenched for martensite [18], as well 
as the high dispersion of these stresses [19], 
we can expect that: 


H,~ H,= 


107° - 2x 101° (2) 


= 70ergs 


P 1,5x 108 


But, a high degree of stress dispersion 
ta ~—~I) is, obviously, reached in the 


structure of what is known as gardenite or 
pseudo-crystalline martensite. In this stage, 
the solid solution concentration has not, as 
yet, reached its limiting value and, conse- 
quently, the value of stresses As; is 
slightly below its maximum one, 

High values of H, could also be expected 
according to the theory of inclusions [14-16], 
but no inclusions are present in non-annealed 
martensite and therefore the stress theory 
mechanism is operative inside the needle- 
shaped particles [13]. In this case, as 
inclusions can be regarded the excess car- 
bides and residual austenite, 

A drop in the coercive force in the region 
of a high overheating of steel (coarse, 
acicular structure with a high concentration 
of residual austenite) should be considered 
as being associated with the effect of 
“inclusions” of the residual austenite 
according to the inclusions theory, as well 
as with the influence of these ‘‘inclusions” 
on the re-magnetisation mechanism inside the 
needle-shaped martensite particles (stress 
mechanism). 

With the rising coarseness of the acicular 
particles of martensite and with increasing 
concentration of the residual austenite, 
there is a decrease in the 2nd order stresses 
in the martensite particles and, consequently, 
the values of coercive force drop according 


to equation (2). If a testpiece, quenched 
for the maximum concentration of the residual] 
austenite, is cooled, then depending on the 
rise in the dispersion p and on the level of 
the Ad, values of the second order stresses 
in the newly formed and old martensite 
needles, there will again be a rise of the 
coercive force, the maximum of which, as it 
is shown by experiments [5] corresponds to 
about 12% of the residual austenite. 

In the case of non-annealed martensite in 
the presence of slightly higher concentra- 
tions of the residual austenite, we can 
assume that, as put forward in work [15], the 
following relationship holds: 


Ho oersteds 
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Fig. 4. Coercive force and saturation magnetis- 
ability of steel ShKhi5SG after quenching from 
various temperatures into oil maintained at room 
temperature. The duration of specimen holding at 
the quenching temperature was 15 min. 


H.= 


Ay Ac; gs. 5 


(3) 


where, k — magnetic anisotropy constant 
(k= 4 x 105 ergs/cm%); § = 1075 - width of 
the domain wall; d - diameter of inclusion; 
B- relative bulk concentration of inclusions. 
As the temperature is increased during the 
specimen heating prior to quenching, there is 
a rise in the grain size, coarseness of the 
martensite needles and in the mean diameter 
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of the residual austenite inclusions, At 
the same time, the value of p.Q*/. drops, in 
spite of the fact that there is an increase 
in the values of 8. Simultaneously, there 
is also a reduction in the dispersion 


Pi ~~ of the internal stresses in martensite 


needles. 
A particularly extensive reduction in the 


coercive force during the overheating of the 
specimens (to temperatures greater than 
950°C) is observed in the case of steels 
KhV-5, ShKhi5SG and ShKhi15 (Fig. 1, 3 and 4). 
The extent of this reduction is of the order 
of 25-35 erg, whereas in the case of straight 
carbon steel, in which the concentration of 
the residual austenite is small, the reduc- 
tion in the coercive force arising in 
consequence of overheating does not exceed 
10-15 ergs [2]. In the underheating region 
of the high-carbon steels, i.e. during quench- 
ing so as to produce a troostosorbite struc- 
ture, the coercive force rises rapidly with 
rising quenching temperature. Such a rapid 
increase of coercive force in the narrow 
interval of quenching temperatures (750-820°C) 
affects strogly the specific electrical 
resistance p and hardness values, As it is 
known, this is associated with increasing 
concentration of the solid solution, and a 
rising level of internal stresses Aé,, at 
the maximum value of their dispersion p,~1. 
Therefore, in the pseudo-crystalline state of 
martensite, when maximum values are reached 
of the dispersion factors Py and Po» the 
coercive force achieves also its maximum, 

During overheating, according to the theory 
of inclusions, a rise in the coercive force 
should be produced by an increase in the 
quantity of the residual austenite B only. 
However, a reduction in the dispersion factors 
P, and Po» strengthened by some reduction in 
the level of stresses A 6, in martensite, 
overcomes the effect of B and leads to a 
reduction in the coercive force. 

The treatment with cold (-196°C) leads to a 
reduction in the contents of “inclusions” of 
the residual austenite B and to an increase 
in the degree of dispersion of the stresses in 
martensite, 

In the region of strong overheating (900- 
1000°C), this leads to an increase in the 


coercive force, whereas in the interval of 
normal quenching temperatures necessary for 
obtaining pseudo-crystalline martensite, the 
coercive force drops. Depending on the 
residual austenite concentration and on the 
degree of dispersion of the ‘‘inclusions” and 
stresses before and after the treatment with 
cold, it is reasonable to expect that differ- 
ent steels should show different changes in 
the coercive force values. However, the 
qualitative picture of the changes remains 
the same (see Fig. 1-4). In steel KhG3, 
there is practically no change in the coer- 
cive force before and after the treatment with 
cold, which is clearly due to the special 
nature of its grain structure, Consequently, 
the effect of changes in the austenite B con- 
tent was compensated by the influence of the 
dispersion factors Py and po. 

In the case of steel ShKh15SG, values of 
the coercive force drop off gradually right 
up to the highest quenching temperature used 
(1200°C). This can be regarded as indicating 
that the grain growth in this steel ceases as 
a result of its alloying with a small amount 
of manganese. 

3. More complex changes are observed in the 
properties of steel Khi12F1 in consequence of 
raising it quenching temperature. As already 
mentioned above, the break in the coercive 
force growth in the quenching temperature 
intervals from 850-960 and 1000-1080°C is 
associated with an inhibition in the rise of 
the solid solution concentration if the 
carbide of one type has already dissolved 
fully in austenite, while the more stable 
carbide did not, as yet, start to dissolve. 
This indicates that the coercive force, after 
specimen quenching so as to produce the 
structure of pseudo-crystalline martensite, 

is proportional to the concentration of the 
solid solution. The same direct proportiona- 
lity relationship is shown also by variations 
of the specific electrical resistance and 
hardness (see Fig.5). If it is assumed that 
the 2nd order stress (deformation) Py in 
pseudo-crystalline martensite is approximately 
constant over the whole temperature interval 
of 800-1080°C, one must conclude that, accord- 
ing to equation (1), the level of As, stress 
values rises continuously with rising solid 
solution concentration, 
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Fig. 5. Magnetic (H,. I,), electrical (p) and mechanical 
(Hp ..) properties of steel Khi2F1 after quenching from various 
temperatures into 01] maintained at room temperature. The 
duration of specimen holding at the quenching temperature was 
15 min. 


However, the rapid rise in the coercive The specimen with depleted surface layer, 
force values as observed after quenching from in which the martensite transformation has 
temperatures of T > 1140°C no longer corres- penetrated deeper, shows that its coercive 
ponds to a small increase in the concentra force value is much lower, while after treat- 
tion of the solid solution because of the ment with cold, the value of coercive force 
dissolution of a small-amount of the cubic drops instead of rising. Finally, the 
carbide of chromium Cr,.C, and of the vanadium coercive force value, was measured at the 


carbide VC, 


23°6 
liquid nitrogen temperatures, was found to be 
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practically identical with that determined at 
room temperatures, All such considerations, 
point to the fact that the nature of the 
coercive force is, in this case, quite 
different from the typical ‘‘martensitic” 
coercive force as determined according to 
equation (3). 

It can be assumed that the martensite 
needles have a two-dimensional magnetic 
anisotropy of form and stresses in the 
needle plane, owing to the action of compres- 
sive, homogeneous stresses acting from the 
direction of the surrounding austenite. 

Thus, additional limitations are thereby 
imposed on the displacement processes and a 
basically different mechanism of remagneti- 
sation is postulated, i.e, the rotation 
mechanism [15,17]. 


8. EFFECT OF INITIAL MICROSTRUCTURE ON THE 
MAGNETIC PROPERTIES AFTER QUENCHING 


The above subject was partly dealt with in 
work [8] and all of the work [6] was devoted 
to it. It is known [20,21] that the coarse 
globular pearlite passes into solid solution 
on heating at a much slower rate than the 
fine-grained one. The plastic and especially 
fine, lamellar carbides dissolves in austen- 
ite much faster than the grained ones. Under 
all conditions, the rate of dissolution is 
affected also by the grain size of ferrite 
[2i]. 

The present investigation was carried out 
on two steel ShKh15SG specimens with completely 
different initial structures, the specimens 
being in the form of cylinders with the 
height of h = 23 mm and 25 mm in diameter 
(D = 25). 

The first group of test specimens (II) had in 
its initial state the structure of regular 
grained pearlite with coercive force of 9-11 
ergs and a hardness of the order of 190-230 
Hp. 

The second group of test specimens (IV) had 
the structure of lamellar pearlite with 
coercive force of 21-28 ergs and a Brinell 
hardness of 293-326, 

The coercive force before and after quenching 
was determined at the maximum magnetizing 
field of 7000 €, while the saturation mag- 
netisability was determined by the differential 


method in fields of 3000-7000 e. 

The testpieces were quenched under the 
same conditions as used for impact strength 
testing, with the only difference in that the 
holding period during heating was increased 
to 60 min, 

The curves given in Fig. 6 show that the 
lamellar pearlite (IV) has, after quenching 
from the temperatures of 780-900°C, a higher 
coercive force than that of grained pearlite 
(II). After quenching from temperatures 
exceeding 900°C, on the other hand, the 
position is reversed: the lamellar pearlite 
(IV) gives a lower coercive force than the 
grained one (II). 

During quenching from 780-900°C, this is, 
obviously, connected with the fact that, in 
the case of a more highly dispersed initial 
structure, the highest concentration of the 
solid solution is reached earlier than in 
the case of the grained pearlite. 

During quenching from temperatures exceed- 
ing 900°C, the influence of different grain 
growth rates begins to make its contribution 
as the quenching temperature is increased. 

Of course, retarded grain growth is to be 
expected in the case of grained pearlite. In 
a close relation with this fact is also the 
difference in the saturation magnetisability 
values (different contents of residual aus- 
tenite) after quenching of the group (II) 
initial structures. In fact, specimens of 
groups (II) have a higher saturation magneti- 
sability (less austenite) than those of group 
(IV), in spite of the use of identical 
quenching temperature and other conditions, 

In Fig. 7 is shown the relationship between 
coercive force and the residual austenite 


*_ for the two groups 


concentration, % A= ‘1s 


of test specimens: (II) and (IV). 

It could be expected that, irrespectively 
of the initial micro structure, the presence 
of acicular martensite (overheating) will be 
detected in the quenched steel at approxima- 
tely the samé value of the residual austenite 
content (~ 20%). A detection of overheating 
e.g. during the quenching of bal] bearings, 
represents an important problem, 

In Fig. 7, the structure-less pseudo- 
crystalline martensite has corresponding to 
it a band limited by a semi-open rectangle 
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ab. Line a divides troostite on the left, 
arising from underheating, while line 6 
separates the acicular martensite on the 
right. 

Line a-b separates from below the material 
rejected because of underheating, the initial 
structure of which is in the form of coarse- 
grained, (globular) pearlite possessing a 
characteristic and very irregular carbides 
content, 

Numerous comparisons of microstructure and 
hardness with coercive force values and 
magnetisability as determined on specimens of 
roller bearing shafts (steel ShKh15 and 
ShKh158G) after their quenching, show that 
the concepts put forward above are correct, 
The same ideas served as a basis of methods 
developed for the control of quenching 
quality in terms of variations in the coercive 
force and saturation magnetisability of steel 


[22]. 


oersted 


JS 


860 900 1000 100 


Quenching temperature °C 


Fig. 6. Coercive force of steel ShKh15SG after 
quenching from various temperatures into oil at 
room temperature and subsequent treatment with 
cold (-196°C): ee after quenching; Herr - 
after cold treatment; & initial structure of 
grained pearlite; o initial structure of 
lamellar pearlite. 


Overheating of steel Khi12F1 to temperatures 
higher than 1100°C leads to an intensive 
grain growth and to a concentration of the 
remaining insoluble carbides in the vicinity 
of grain boundaries. This results in a rapid 


lowering of the mechanical strength properties 
(hardness, strength, etc.). An underheating 

( <1000°C) leads usually to a lowering in 
hardness, 


oersted 
60 


100 


Fig. 7. Coercive force and the residual austénite 
content (%A) after quenching of grained (II) and 
lamellar (IV) pearlites in steel ShKhi15SG from 
various temperatures in oil maintained at room 
temperature. 


According to Fig.5, both types of failure 
can be detected quite clearly from magnetis- 
ability measurement data at a sufficiently 
high magnetic field, 


4. ON THE MAGNETIC PROPERTIES AND 
HARDNESS OF SPECIMENS WITH 
SURFACE LAYER DEPLETION DURING THE 
PROCESS OF HEATING PRIOR TO QUENCHING 


As it is clear from Table 2, the specimens 
heated prior to quenching without the pro- 
vision of any means of protecting them 
against chemical interaction with the surroun- 
ding medium, have shown a considerable loss 
in weight Ap. This loss in weight was 
accompanied by an extensive depletion of their 
chemical composition, as it can be seen by 
examining the chemical analysis data, In 
Table 3, are given the results of chemical 
analyses carried out on shavings taken from 
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TABLE 3 


Chemical analysis data on shavings removed from ring-shaped 
specimens at various depths below the surface 


Depth below KhV-5 


ShKkh158G 


surface, 
in mm 


0-0. 40 0.05 
0. 40-0. 60 trace 
0.60-1. 00 as abov 
1. 00-1. 40 0. 33 


5.2 


various depths of ring-shaped specimens heated 
to 120°C for 15 min in a slat bath consis- 
ting of BaCl 

The thickness of the ring-shaped specimen 
was 5 mm, i.e. it was only half of the thick- 
ness of impact strength testpieces, 

The presence of an extensive depletion in 
test specimens heated prior to their quenching 
to a temperature T > 1000°C (in BaCl, salt 
bath) is shown also by Ap. hardness test 
data, which are given in Fig. 1-3 and in 
Fig.5, as well as by the magnetic properties 
data shown in Fig. 1-5. 

The hardness of specimens with a depleted 
layer is higher by more than ten Rockwell 
hardness units than that of the same specimens 
whose surface layer has been ground away to a 
depth of 1 mm. On the other hand, the hard- 
ness of specimens heated to the same high 
temperatures but in a protective atmosphere, 
remains at the same value before and after the 
removal of a surface layer with a thickness of 
1 mm and it is equal to the hardness value of 
the depleted specimens after this depleted 
sirface layer has been removed by grinding. 

The saturation magnetisability of the 
depleted specimens, as well as their coercive 
force, have a clearly shown tendency to higher 
values and this is the higher the higher the 
temperature to which the specimen is heated 
prior to its quenching (see Fig, 1-4). 

The changes in the magnetic properties and 
hardness as observed in th> case of depleted 
test specimens is associated with the simple 
fact that there is a deeper penetration of 
the martensitic transformation in their sur- 
face layers (up to 1-1.5 mm), which is brought 
about by an increase of the martensite point 


in the surface layer*. 

The difference in the structure of the 
surface layer and that of the body of the 
specimens, as indicated above, was detected 
microscopically. 


CONCLUSIONS 


1, The course of coercive force variation 
after quenching for the pseudo-crystalline 
martensitic structure of high-carbon chromium, 
manganese and tungsten steels, reflects the 
degree of saturation of the solid solution 
with carbon and the alloying elements present 
and, therefore, it is parallel to the varia- 
tions in the hardness and specific resistance 
values. Owing to this fact, the measurement 
of coercive force can serve as in indication 
of the solubility of the various carbide 
phases during the process of steel heating, 

A regular pattern of coercive force 
variation has been detected with increasing 
quenching temperature, this being true 
provided that the structure of steel after 
quenching remains pseudo-crystalline, 

After the dissolution of all carbides, the 


* In a series of investigations [7], use was made 
of specimen heating in atmospheric air right up 
to very high temperatures (1000-1100°C) and of 
prolonged holding periods (up to 30 min.). 
Additional tests showed that an extensive 
depletion affects in this case the whole of the 
specimen volume and the hardness value of HRc = 
= 5860 at the depth of 2-3 mm below the 
surface, points exactly to the presence and not 
to the absence of depletion. 
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steel becomes overheated and this fact is while the saturation magnetisability and 
manifested by an intensive grain growth, an coercive force values rise, the rate of this 
acicular nature of martensite particles, a drop increase being the higher is the quenching 
in the mechanical strength properties, a temperature employed. By removing the 
rapid rise in the residual] austenite concen- depleted surface layer by means of grinding, 
tration and by a drop in the hardness value. or by taking precautions in order to prevent 

Once the overheating has set in, there the chemical interaction of the specimen 
occurs a drop in the coercive force of the with the surrounding medium, it is possible 
martensitic class steels, while austenitic to prevent the depletion of the surface 
steels, containing only small proportions of layers and thereby to guard against the 
martensite after quenching, show a rapid setting in of highly anomalous variations in 
increase in their coercive force values, the magnetic properties of steel. 

The pattern of coercive force variation 
after quenching, as described above, is Translated by H. Cygielski 
explained satisfactorily by the stress and 
inclusion theories [13-16]. On the other 
hand, a rapid rise in coercive force in REFERENCES 
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The results are reported of an investigation of the Curie point and 
static magnetic characteristics of the solid solution of nickel and 
cadmium ferrites. A determination was made of compositions having 
good characteristics at ultra-high frequencies. 


Nickel- zinc ferrites have found wide appli- 
cations in the field of telecommunications 
[1-3] and their solid solutions with lithium 
ferrite as shown by Weicz [4] give magnetic 
materials with a small tangent to the angle 
of loss at radio frequencies of tens of 
megacycles, 

According to Weicz’s data, the zinc ferrite 
can be replaced fully in the above solutions 
with cadmium ferrite, which, at identical 
molar ratios as in the case of zinc ferrite, 
lowers considerably the Curie point. Lithium- 
cadmium ferrites were studied previously [5] 
whereas, to our knowledge, no data have been 
reported as yet with regard to the properties 
of the solid solutions of nickel-cadmium 
ferrites. 

For the purpose of our investigations, we 
have prepared by the ceramic technology 
techniques, eleven compositions with the 
general formula of Ni,_,Cd ,Fe.0,4, in which 
the value of x varied from 0 to 1, through 
the steps of 0.10. Fe 03 and CdO of the 
“ChDA” class and NiO of “Ch” class were used 
as starting materials, The test specimens 
were pressed under a pressure of 3 tons/cm2, 
In order to obtain material with high magnetic 
properties, the batch was dried after its 
grinding and sieving and it wes then subjec- 
ted to a preliminary firing for 3 hr at 950°C, 
which was followed by regrinding and mixing 
with a plasticizer (polyvinyl alcohol). From 
the compressed-powder material thus obtained, 
the specimens were now prepared by firing at 


*Fiz.metal, metalloved., 7, No.5, 557-561, 1959. 


the temperature of 1245°C for 3 hr. Test 
specimens prepared without a preliminary 
firing stage were found to have low magnetic 
characteristics, 


CURIE POINT AND STATIC MAGNETIC 
CHARACTERISTICS OF FERRITES 


The Curie point @, of ferrites was deter- 
mined from the drop in the values of induction 
of a coil] with ferrite core during heating, 
while the static characteristics: initial 
and maximum magnetic permeabilities, p, and 
max» the coercive force H, and the residual 
and maximum magnetic inductions, B, and B, 
were determined on torroidal specimens using 
a ballistic apparatus, The results obtained 
in measurements of @,, @,, max: 4,, B, and 
B, as a function of the chemical composition 
are given in Fig, 1-4. 

The nature of these results can be explained 
as follows. Nickel ferrite has the structure 
of inverse spinel, i.e. in the NiFe 24 mole- 
cule, one Fe®+ atom is situated in tn tetra- 
hedral centre, or at the point A, whereas a 
second Fe®+ atom and the Ni2+ ion occupy the 
octahedral centres or points B. Cadmium 


ferrite has the structure of the normal spinel, 


i.e. in the molecule of CdFe 3° 4" position A 
is occupied by the Cd2+ ion shile both of the 
Fe3+ ions are at point B. Inasfar as in 
ferrites, there exists, according to Neel’s 
theory [6], a strong negative interaction 
between the ions situated at A and those 
situated at B, or, in other words, there 
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exists a strong negative interaction AB and a 2 ws for NiFe.0, is explained as being due 
less strong negative interaction AA and BB to addition of the orbital moment to the spin 
and, since the magnetic moments 2S of the moment, which is also confirmed by the cleav- 
ions are equal to 2S,.3+=5;,2S,.24—= 2, and age factor of the nickel ferrite, whose value 
2Sca2+=0 (where p,; is the Bohr magneton), is higher than 2 (q>2). 

then the theoretical molecular magnetic 

moments of ferrites are: of the nickel ferrite: Me, oersteds 
n= 2S + 28 y;2+) = 2p, 
and of the cadmium ferrite 

(2S 3+) 28 642+ = 0. 


6, °C 
750. 


500 — 


05 Q75X 


Fig. 3. Dependence of coercive force H, of the 
Ni) ferrites on their composition. 
Continuous line curve refers to ferrites with 
preliminary firing and the discontinuous one to 
\ those prepared without it. 


6,,6-, gauss 


400i 


Fig. 1. Variation of the Curie point with the 
composition of the Ni, _,Cd,Fe.0, ferrites. 
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) O75 LOX 
° fim Fig. 4. Dependence of the residual and maximum 
pews magnetic inductions (B. and B,) on the ferrites 
05 O75 10X composition. Continuous line curves refer to 
ferrites with preliminary firing and the discon- 
Fig. 2. Dependence of the initial and maximum tinuous ones to those prepared without it. 
magnetic permeabilities of the Ni,_ 
ferrites on their composition. On substituting Ni2+ ions in the nickel 
ferrite with Cd2+ ions, the AB interaction 
It is known from Gorter’s experiments [7], diminishes, i.e. there is a reduction in the 
exchange interaction and, consequently, the 
that the molecular magnetic moment n of 
: Curie point @, is lowered. But, as long as 
NiFe,O, is equal to 23 mw, and that for 
5 the interaction AB will, irrespeetive of its 
of the reduction, continue to overcome the weaker 
experimental n from the theoretical value of 
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drop in the partial magnetization at A and a 
rise at B, in consequence of which the mole- 
cular magnetic moment n will] diminish and this 
will manifest itself in the increased induc- 
tion B, of the material, as it is shown in 
Fig. 4. But, when the interaction AB weakens 
to such an extent that the weak interaction 
BB begins to play a significant role, the 
partial magnetization wil] diminish not only 
at A but also at B and then n, and conse- 
quently also B, (Fig.4) will begin to diminish 
and the lowering of the Curie point will be 
much sharper as it is shown in Fig.1. 

A reduction in @, in a mixed ferrite with 
increasing extent of nickel ions replacement 
by the cadmium ions, leads, in fact, to a drop 
in H, and to a rise ing, and wag, But, 
since the data given in Fig. 2 and 3 “refer to 
room temperature, T,,.,, then the drop in H, 
and the rise of and Will continue 
until] the Curie point of the solid solution 
becomes Troom after which #, will 
rise again and uw, and # »,, will drop 
sharply. 


HIGH FREQUENCY PROPERTIES OF FERRITES 


With the help of a previously developed 
test procedure [8], a study was made of 
Faraday’s effect on ferrite test specimens, 
which were cylindrical in shape and had the 
length of 55 mm and diameter of 5 mm, at room 
temperatures and a frequency of 9370 kc/s. 
In Fig. 5 is shown a curve of the relation- 
ship between the polarization plane angle of 
rotation ¢ in Ni, _,Cd,Feo04 ferrites, at a 
fixed value of the magnetizing field of 

= 460 oersted, and the ferrite chemical 
composition. An examination of the curve 
shows that the highest value of angle } is 
given by the following compositions: 

Nig 9 Cd, FeO, and Nip Cd, oFe 24° 
the above a deter- 
mination was made of the high-frequency 
efficiency Q of ferrites at a constant mag- 
netizing field H = 600 oersted, The measure- 
ments were made on ferrite, flat needle- 
shaped specimens, 3 x 7.5 x 95 mm in dimen- 
sions, using an apparatus whose diagram is 
shown in Fig.6. This apparatus served for 
determination of the phase shift A ¢ and of 
the damping 5 in decibels. The data thus 


obtained were used for claculation of the 
high-frequency performance index Q, i.e. 


0.25 Qs 


O75 X 


Fig. 5. Dependence of the polarization plane 
rotation angle Ci) on the composition of 

Ni, _,Cd Feo0, ferrites at a constant magnetizing 
field equal to H = 460 oersted and for a 
frequency of 9370 kc/s. 


The following method was used for the 
measurement of phase shift A. As it is 
clear from Fig.6, the signal produced by the 
generator 51-I is passed into the resonator 
of the measurement line by two paths. The 
phase of the signal, passing through a direc- 
tional coupler and a waveguide-coaxial tran- 
sition, is constant with respect to the phase 
of the generator signal. The wave, however, 
passing through the ferrite, suffers a phase 
shift with respect to the generator signal 
phase and, consequently, also with respect to 
the phase of the signal fed into the resona- 
tor through the coupler and the coaxial tran- 
sition. By displacing the probe and the 
resonator of the measurement line along the 
waveguide, it is possible to make the phases 
of the two signals which have passed through 
the measurement line coincide, The coinci- 
dence of the phases is detected from the 
maximum reading of the amplifier No.1. 

The distance AA l, by which the probe of 
the measurement line is displaced, enables a 
calculation to be made of the phase displ ace- 
ment Aga where A is the wavelength in 
the waveguide. The experimental accuracy in 
phase displacement measurements is + 2°. 
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In order to determine the loss 6, simul- 
taneously with the measurement of Aga 
determination was also made of the maximum 
of the signal being transmitted using for 
this purpose amplifier No.1, while the maxi- 
mum of the reflected signal is determined by 
means of amplifier No.2. After the above 
measurements have been carried out, the 
ferrite needle is removed from the waveguide 
and, with the help of a quarter-wave trans- 
former, a reflected wave is now created 
artificially in such a way that its intensity 
is exactly the same as that obtained during 
reflection by the magnetized ferrite. 


Q, deg/dB 


150 


O75 X 
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Fig. 7. Dependence of high-frequency performance 
Q of Niy_ ferrites on their composition, 
at the frequency of 9370 kc/s and under a field 
of H = 600 oersted. 


Using a precision attenuator 67-I, the 
intensity of the signal passing through is 
reduced to the value corresponding to the 


ferrite transmission. The readings of the 
attenuator 67-I give the damping § produced 
in the waveguide by the ferrite, As it is 
clear from Fig.7, the highest high-frequency 
performance in the ferrites system here 
studied was given by the following compo- 
sitions: Nip and Nip gCdo 


CONCLUSIONS 


In solid solutions of the nickel and 
cadmium ferrites, an increase in the cadmium 
ferrite concentration produces a lowering of 
the Curie point,*an increase in the initial 
and maximum values of the magnetic permea- 
bility, whose maximum is reached in the 
region of 60% of the cadmium ferrite content 
and is then followed by a rapid drop, the 
coercive force reaches its minimum when the 
cadmium ferrite content is 50%, the residual 
and maximum values of the magnetic induction 
(B, and B,) reach their maxima in the region 
corresponding to 20% cadmium ferrite content 
and the highest value of the polarization 
plane angle of rotation ¢ and the best high- 
frequency performance are given by the follow- 
ing chemical compositions: Nig 
and Nig 


Translated by H. Cygielski 
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I. INTRODUCTION 


The application of ultra-high magnetic 
fields widens essentially the range of experi- 
mental investigations in the field of solid 
state physics and enables a complete study to 
be made of the properties of metals and semi- 
conductors. High-pulse magnetic fields can, 
obviously, be used also in the investigation 
of the electro-magnetic properties of liquid 
metals, Valuable data can also be obtained 
in this wwy with regard to the mechanism of 
magnetic phenomena in antiferromagnetic and 
ferromagnetic materials, by studying their 
behaviour in ultra-high magnetic fields. The 
progress made in theoretical physics in the 
last few years, demonstrates that studies of 
the magnetic and electro-magnetic properties 
of solids in the region of high and ultra-high 
magnetic and electro-magnetic fields and low 
temperatures, enables important deductions to 
be made with regard to the character and form 
of the limiting energy surface of the conduc- 
tivity electrons, 

Ultra-high magnetic fields were first 
produced by Academician P.L. Kapitsa more than 
30 years ago. AS a source of energy, Kapitsa 
employed a special battery of accumulators [1] 
and, in later work, he used a special genera- 
tor capable of producing magnetic fields up 
to 360,000 gauss in a volume of 2 cm? [2]. 


*Fiz.metal. metalloved., 8, NO.4, 562-568, 1959. 
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, 


A description is given of a generator of ultra-high pulse magnetic 
fields (GSMP) capable of producing magnetic field intensities of up to 
700,000 oersted by discharge of a battery of condensers. 
given of the power characteristics of the generator, together with a 
discription of the electrical circuitry and construction of the coil 
producing the magnetic field and an account of the magnetic field 


Details are 


Rault [3] was the first to use a charged 
condenser as a source of energy for producing 
magnetic fields up to 50,000 gauss, 

In the years that followed, Myers [4] used 
this latter method and, by employing several 
coils of his design, he produced fields up to 
250,000 gauss, 

Subsequent developments in the methods of 
producing strong magnetic fields went along 
the line of constructing special coils 
capable of withstanding mechanically the 
colossal strains produced during the dis- 
charge [5, €]. 

In a brief note published by the present 
authors [7], it was reported that a generator 
was designed for the production of ultra-high 
pulse magnetic fields, which were created by 
discharge of a battery of condensers through 
a specially constructed coil. 

In the present report, a detailed descrip- 
tion is given of one of the existing variants 
of GCMP and a determination is made of the 
optimum parameters of the apparatus so that 
magnetic fields up to 700,000 oersted can be 
achieved, 

In the course of our investigations, we 
have designed, constructed and experimented 
with numerous types of single-layer and poly- 
layer coils. In the present article, a 
detailed description is also given of the 
construction of coils at present in use. 


Ultra-high pulse magnetic fields 


2. DESCRIPTION OF THE GENERATOR frequency also depends on the coil dimensions 
and varies in the interval of 3000 to 3500 
The design and dimensions of a generator to c/s. 
be used in the production of ultra-high Owing to the comparatively small dimensions 
magnetic fields depend to a great extent on of the condensers, the whole apparatus is 
the number of condensers and their working compact in size and has a form making it 
potential. Among the serial production con- ideal for the use in research investigations, 
densers at present manufactured in the U.S.S.R., The general view of the equipment, as shown 
the most effective were found to be the pulse in Fig.1, shows that the magnetic coil is 
condensers of the IM-3/100 type. In the positioned below the busbar plane, which 
equipment here described we have used 16 such enables the immersion of the whole of the coil, 
condensers, which ensures an accumulation of together with the specimen being investigated, 
7200 joules of energy at the nominal potential into a Dewar flask. In the case of coils of 
3 kV. greater diameter, a Dewar flask can be 
By reducing the resistance and inductance of inserted directly inside the coil. The coils 
the discharge circuit, it is possible to can be positioned with their axes both ver- 
increase in the coil the portion of energy tically and horizontally. 


which is used up directly for the creation of As a result of prolonged experiments, we 
magnetic field. We have succeeded by such have succeeded in constructing a coil with 


means in raising the coil energy utilization such a strength that it could be used almost 
coefficient to 17% To achieve this purpose, indefinitely. The coils used in our present 
we had to use copper busbars with cross- investigations have produced already more 
section of 250 mm2, which were arranged than a hundred discharges, during which the 
parallel and were separated with textolitic current passing through the coil reached 
sheets 2.5 mm in thickness. values up to 60,000 amps. 


The discharge of condensers through the 
coil has an oscillatory character, The 
damping decrement of the oscillatory discharge, 
lt 
varies in its value from 4 to 6 V depending A battery of condensers is charged through 
on the coil dimensions, The oscillation a high-voltage rectifier fed through a 


3. ELECTRICAL CIRCUITRY OF 
THE GENERATOR 
as expressed by the formula: A = 


. 1. General view of the apparatus 


4 
Fi 


Ultra-high pulse magnetic fields 


current-limiting resistor R (Fig. 2). The 
presence of this resistor limits not only the 
charge, but it also slows dow the rate of 
discharge, which enables a more accurate 
control of the potential value at the conden- 


sers, 


manual start-up 


Fig. 2. Block-diagram of the equipment. 

1 -— step-up transformer; 2 - gas-filled 
rectifier; 3 — step-by-step discharger with 
control electrode; 4 —- working coil of the 
generator; 5 — measurement coil; °6 — pulse 
oscillograph; 17 — contact voltmeter; 8 —- control 
block; 9 — coil of the external switch of the 
oscillograph scan; 10 — sound generator; 

11 - shunting contactor. 


~220V 


The discharge of condenser batteries is 
carried out through a step-by-step discharger 
by means of a control electrode 3. The 
igniter pulse on the control electrode is fed 
from a coil either by hand operation, by 
compressing the hand discharge knob, or auto- 
matically, when the required potential is 
reached on the condensers, The value of this 
potential is pre-set on a contact kilovolt- 
meter, 

The diagram show in Fig.3 enables the 
discharge process to be carried out auto- 
matically, as well as to achieve an optical 
and sound warning signalling, 

The set-up is controlled by means of a 
control] key (KCh). The shifting of the key 
into ‘‘in” position closes the contactor K, 
circuit and switches in the control auto- 
transformer connected with the step-up trans- 
former of the charging circuit of the appara- 
tus, On reaching a voltage approaching in 
value the pre-set discharge voltage, the 
contact 7-8 KV is closed and the contactor 
Ko is switched in, which, in its tum, 
switches in the coil and RV, timer circuit, 
After the elapse of a short time (during 


Control key contacts closing 
programme (KCh) 


Signal lamps 


No.of con- 
Key tactors 


Signalling and gas-filled 
heating filament transformer 


7 
position > 


Coil 


Open Xx 


Hand discharge button (KRR) 


Pre-closure 


KRR fdischarger 


Kilovoltmeter 


Closed 


4 
circuit 


Contactor of the charging 


Pre-opening 


Sound signalling 


Program of kilovoltmet contacts 


closure (KV) 


Discharge contactor 


No.of con- 
tactors 


Timer 


Contactor 


on the scale 
Not enough 


Regulating autotransformer 


Too high 


Normal 


Shunting contactor 


X- contact closed 


Fig. 3. 


—- contact open 
* - heating filament 


Diagram of control and signalling equipment 
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TABLE 1 


Description 


Type 


Control key 


Ky, Ko, K. A.C. Contactors 
K, Shunting contactor 
Gas-filled rectifier .. 
Control autotransformer 
former .. 
KV Kilovoltmeter 


Filament-supply and signalling trans- 


KUV-1 
EP-41/21-B 
EV- 214 
P-311 

VG- 236 
Lstr-1 


‘ OSO-0. 25 220/12 
MRShPr-54 with external 
scale. 


which the coil current is established), the 
timer RV, closes the contact RV, in the Ko 
contactor circuit. Then, contact K, opens 
contactor K; thereby shutting off the current 
in the step-up transformer and passing it to 
camtactor Ko. On opening contactor Ky, an 
igniter pulse is created in the coil circuit 
and this produces a discharge of the con- 
denser battery through the coil. 

After discharge, the control key should be 
put in the open position. Shortly after that, 
the shunting contactor kK, short-circuits the 
condenser battery. a green 
lamp lights up, which indicates that the 
apparatus can be safely examined. 

An explanation of the symbols used in the 
description of the apparatus is given in 
Table 1 


4. DESCRIPTION OF COIL CONSTRUCTION 


The essential part of the coil, i.e. its 
winding, is in the form of a precision- 
machined spiral (1,Fig.4). In between the 
spiral turns textolite collars were inserted 
2, 0.4 mm in thickness. The external dia- 
meter of the spiral was 30 mm The internal 
diameter of the coils, intended for the 
creation of magnetic fields, was from 4.5 
to 16 mm, The total number of windings in 
the various coils was varied from 12-20, and 
correspondingly, the coil constant also varied 


erg 


from 7-11 > The thickness of each 


winding was from 1-1.5 mm, The spiral was 


made in beryllium bronze BRB-2, which was 
annealed and aged in order to impart to it a 
high mechanical strength, 

In the first variants of the coil, the 
spiral was in a direct contact with current- 
carrying face plates 5, but this had to be 
modified because of spiral burning. A pro- 
longed search for a solution, led to the 
development of a spiral with massive end- 
faces, which were in direct contact with the 
face-plates. 

For protecting the spiral against radial 
expansion, use was made of a steel ring 3 with 
a textolite bushing 4. In the axial direc- 
tion, the coil is held together by means of 
brass rods 6, which are insulated from the 
face-plates by means of textolite sleeves 7. 
Although the construction of the coil might 
appearto be weak, it wasgood enough to ensure 
that it had sufficient strength for resisting 
considerable mechanical stresses, acting in 
the coil in radial directions, during the 
passage through it of the discharge current, 

The current distribution in the spiral is 
not uniform The highest current density, 
and therefore the maximum mechanical stresses 
act at the internal surface of the spiral. 

Approximate calculations, the results of 
which were confirmed by test results, showed 
that a magnetic field of 700,000 oersted is 
the maximum permissible for a heat-treated 
beryllium bronze alloy BRB-2 inasfar as its 
capacity to resist mechanical stresses is 
concerned, 


An extremely important aspect of the work 
to be carried out concerns the region of the 
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TABLE 2 


Internal diameter | External diameter, 
in mm 


in mm 


3% region of 
Spiral field mifornity, 
nm 


4.5 
5.5 
7.5 
9.0 
16.0 


9.0 
8.0 
7.5 
7.0 
5.0 


homogeneous magnetic field in the coil. In 
coils with internal diameters of up to 9 mn, 
the field along the coil radii can be con- 
sidered as uniform, In the case of a coil 
16 mm in dia., the distribution of the 
magnetic field is shown in Fig. 5. 


SS 


Fig. 5. Radial topography of magnetic field in a 
coil with 16 mm external diameter. 


In Table 2 are given the regions of magnetic 
field homogeneity, within which the constancy 
of the field intensity is maintained with an 
accuracy up to + 3% 


5. MEASUREMENT OF MAGNETIC FIELD 


The induction method is the most suitable 
for the determination of pulse magnetic field 
intensity. For this purpose use is made of a 
measuring coil 5 (Fig.2), which is placed in 
the field to be measured and connected through 
an integrator with a pulse oscillograph, For 
the synchronization of the scanning, use is 
made of the pulses from an external coil 9 
(Fig. 2). 

When the usual R-C integrator is used, the 
oscillograph output voltage at w= 1 is: 


k kws 
1 
i= ag | dt = H, (1) 


where, R, C - resistance and capacity of 
integrator; 
amplification coefficient of 
amp] ifier; 
w, s — number of turns and cross- 
section of the measurement coil; 


dP 
u integrator input vol tage. 


The factor -. can be easily found by 


feeding a know standard voltage in the 
integrator input. 

It is known from the theory of the R-C 
integrator operation that the voltage uy at 
the integrator input and u,, at its output 
stage, are connected by the following rela- 
tionsh ip: 


Ruy 
2 
RoC (2) 
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By making use of the expressions (1) and (2), 
we find quite easily an expression for cal- 
culating the magnetic field intensity: 

| u 


WpWS Usp (3) 


Fig. 6. Oscillograms of the magnetic field 


intensity and of calibrated voltage, 3 kc/s, 10 V. 


In Fig.6 is shown an oscillogram of a 
magnetic field and another one of the cali- 
brated voltage. Using the actual value of the 
calibrated input voltage and expressing the 
cross-section of the measurement coil in cm? 
and the frequency in c/s, we arrive at an 
expression for the field intensity: 


108 
V 2=f,ws 


H=u 


Ultra-high pulse magnetic fields were 
employed by us for studies of electromagnetic 
phenomena and in investigation of the Kikoin- 
Noskov effect (photoelectro-magnetic effect) 
in various semiconductors. Furthermore, we 
are at present investigating by means of 
strong magnetic fields the magnetization 


curves of ferrites. 

The experimental techniques employed and the 
results obtained so far will be reported in 
other articles, 

At the time when the ultra-high magnetic 
pulse equipment was being developed, an 
identical apparatus was constructed at the 
Low Temperature Physics Department of the 
State Moscow University. For the opportunity 
of inspecting this apparatus, we wish to 
express our thanks to Prof, AI. Shalnikov, 
Corresponding Member of the Academy of 
Sciences of the USSR. 

Grateful acknowledgement is also made of the 
help given in the construction of the equip- 
ment here described by I.I. Kuntsevich and 
A.A Teterina, 


Translated by H. Cygielski 
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AN 


In work [1], the principal facts were 
outlined in connexion with the peculiarities 
of the diffusion mechanism in systems formed 
by the transition metals of group IV of the 
periodic table of elements with sulphur, 

Our investigations concerned the behaviour 
of systems based on the same group of metals, 
but, as the second component of the system, 
we used selenium or tellurium instead of 
sulphur, 

Sulphur, selenium and tellurium belong to 
to the same group VI of the Periodic Table 
and they are close in their chemical proper- 
ties. However, on passing from S to Se and 
Te, the polarizability of atoms increases 
with rising number of the peripheral elec- 
trons around the nucleus, This rise of 
polarizability, should, in its turn, affect 
the nature of the bond forces in analogous 
compounds of sulphur, selenium and tellurium 
with the same metals. 

Chalcogenides of the transition group 
metals are characterized by the simul taneous 
presence of various types of bond forces, 
Thus, in monochalcogenides with the structure 
of NiAs, ionic bond forces are present side 
by side with the homopolar and metallic 
bonds, while in dichalcogenides of the CdI., 
the ionic, homopolar and residual Van der 
Vaal forces (between the layers) are present 
simultaneously [2-5]. On passing from 
sulphur to the more easily polarizable 
selenium and tellurium, there should be a 
gradual increase in the relative importance 
of the homopolar and metallic bond forces, 


It should be noted that according to Ehrlich’s 


data [6], in a number of transition metals 
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IN BINARY 


from Ti to Ni, the influence can be observed 
also of the elements that are the most 
inclined to the formation of homopolar 


bonds. To this type belong V and Co; Ti 
resembles them closely in this respect. On 
the other hand, the ionic bond forces are 
shown more in manganese compounds than in 
similar compounds but of different metals. 

In Table 1 are given the results of our 
investigation of the reaction diffusion 
mechanism in the Ti-Se, V-Se, Cr-Se, Mn-Se, 
Fe-Se, Co-Se and Ni-Se systems, The mechanism 
of diffusion is the same in most of the 
selenium systems as it is in the sulphur 
systems, Namely, in the Cr-Se, Mn-Se, Fe-Se 
and Ni-Se systems there is, in the whole 
interval of the temperatures investigated (up 
to 1000°C), a two-directional diffusion of 
the metal and selenium, which is analogous 
to the corresponding sulphur systems, In 
the Ti-Se, V-Se and Co-Se systems, on the 
other hand, no metal diffusion was detected 
in the temperature range from the moment of 
a noticeable scaling to the temperatures of 
850, 800 and 700°C, respectively, and prac- 
tically all the scale formation was as a 
result of a one-sided diffusion of the metal- 
loid toward the metal-scale internal surface, 

It is only at temperatures above the tem- 
perature range mentioned that diffusion of 
Ti, V and Co could be detected, It should 
be emphasized that a change in the diffusion 
mechanism occurs exactly in such systems [6] 
in which homopolar bonds manifest themselves 
the strongest, 

As it was already pointed out previously, 
the transition from Se to Te as the second 
component should be accompanied by a still 
higher intensification of the role played by 
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interval, °c 
Number of 
macroscopic 


Temper ature 


Phase composition of scale 


Macroscopic 
characteristics 
of the 
diffusion 
mechanism 


Presence of 
grain in scale 
layers 


Phase resembling TiSe inasfar as the X-ray 
analytical data are concerned, but differing 
from the above compound with regard to the 
relative line intensity and the presence of 
additional lines 


In the outermost and innermost layers the 
presence was found of the same phase that 
was present at lower temperatures [7,8, 10,11] 


INo change in 
the specimen 
shape after 
annealing 


Signs of graini- 


Phase resembling VSe (of the Cdl, type) but 
differing in that it produces additional 
lines and that its relative line intensity is 
deformed. 


F 


ness in the 
external scale 
layer 
VOL 
No 8 
195 


Identical phase in the external and internal 
layers [6-8,11]. 


F less sharply 
shown 


Grains in the 
thin external 
layer 


Phase close to that of B -CrSe (monoclinic 
structure) but distinguished the presence of 
additional lines on Debye radiographs 


Grains indica- 
tions 


The phase present in the external and internal 
layers is closely allied to B -crSe (NiAs 
type) [7,8, 12,13]. 


Graininess of 
the external 
scale layer 


MnSe (Type NaCl) in the external layer of scale; 
MnSe, in the internal layer (no identification 
was possible with phases reported in technical 
literature [7,8, 14]. 


The specimen 
has the 
appear ance 
of a pre- 
dominant 
metal dif- 
fusion 


in 
external 


layer. 


All the three scale layers consist of phases 
similar to each other roentegonographically. 
The position of the basic lines resembles that 
of B-CrSe (phase close to NiAs, but showing 
an extensive monoclinic deformation, [13, 15, 
17,20]. Melting point of 950°C 


No change in 
the specimen 
appearance 
after dif- 
fusional 
annealing 


Graininess 
in external 
layer 
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Ti-Se 
850- 
450- 
800 
V-Se 
800- 
1000 
700- 
1000 
600- 
1000 
Mn-5e 
400- 
940 
Fe-Se 
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Table 1 (continued) 


Number of 
layers 


macroscopic 


Phase composition of scale 


Macroscopic 
characteristics 
of the 
diffusion 
mechanism 


Presence of 
grain in scale 
layers 


NiAs) 


CoSe, in the external layer(7),),but CoSe in 
the internal one (structural type of 


An inert mark 
is left on 
the external 
scale surface, 


950°C. 


CoSe phase in both the external and internal 
layers, [7,8,16,19]. The scale melts at 


Graininess in 
external 
layer 


An inert mark 
between the 
external and 
internal 
layers. 


ternal layer. 


Nise, in a very thin external layer; 
(of the NiAs type) forms the basic thick- 
ness of the external skin; 

The scale melts at 670°C. 


Graininess in 
the external 
scale sur- 
face. 


NiSe The specimen 
appearance is 
characteristic 
of a pre- 
dominantly 
metallic dif- 


fusion. 


* F = specimen appearance characteristic of one-sided diffusion of the metalloid. 

** 1 or 2 (subscript to figures) means that the number of layers was confirmed by metallographic 
examination. 

***Irn the interval of the phase layer, the presence was detected of micro-layers. 


the homopolar bond forces in the corresponding 
compounds of the transition metals. According 
to our postulation, this should be associated 
with an increase in the significance of the 
role of tellurium and in a reduction of the 
role played by metals in the diffusion process 
(a detailed analysis of the experimental 
results wil] be made on another occasion). 

In fact, it is clear from Table 2, that in 
all the metal-tellurium systems, the influence 
of the metalloid diffusion has a predominant 
character. For all of the systems investi- 
gated, a temperature interval was established 
in which practically all the scale formation 
is caused by the diffusion of tellurium, 
whereas the metal diffusion was detected only 
at very much higher temperatures. 

In the Cr-Te system, no diffusion of Cr was 
found to occur right up to the temperature at 
which the scale melts (750°C). But, even at 


high temperatures, a predominant role in all 
the systems investigated is played by Te. A 
somewhat special case is shown by the Mn-Te 
system in which the diffusion of Mn is detec- 
table already at the temperature of 600°C." 

Thus, a comparison of the experimental 
data, obtained by us with regard to the 
diffusion mechanism with the data for the 
changes in the character of the bond forces 
in chalcogenides of the transition group 
metals, enabled us to derive a correlation 
between the intensification of the relative 
role of the atomic bonds in the compounds 
and an increase in the relative role of 


* In spite of the fact that MnTe has a higher 
melting point (1000°C) than CrTe, FeTe, CoTe 
and NiTe. 
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TABLE 2 


Number of 
macroscopic 


layers 


Phase composition of scale 


Macroscopic charac- 
teristics of the 
diffusion mechanism 


Presence of grain 
in scale layers 


TiTe, (structural type of Cdl.) 


ad 


No 


TiTe, in the external layer; TiTe,- 
phase intermediate between TiTe and 


TiTe,. 


F 


No grains in 
external layer 
but signs of 
graininess in 
the internal one 


Both the external and internal layers 
consist of the TiTe. phase (< y < 2) 
with a very weak diffraction picture, 


[7-10] . 


Diffusional anneal- 
ing has no effect 
on the specimen 
appearance 


Graininess in 
external layer 


VTe, in the external layer and VTe, in 
the external one resemble closely 
each other on radiograns. 


F 


VT. in the external and internal layers 


{e-8. 13). 


F shown less 
clearly 


Grain in a thin 
external scale 
layer. 


A very thin scale layer consisting, 
clearly, of the CrTe phase (mono- 
clinic) [7,8,12]. 


No 


CrTe, (monoclinic). crTe, (monoclinic) 
differs slightly from CrTe,. CrTe 
has a structure close to that of 
NiAs. Melting point of 750°C. 


An inert mark 
remains on the 
external scale 
surface 


A phase resembling MnTe (structural 
type of NiAs) present in both the 
external and internal layers, but 
it differs by the presence of some 
additional weak lines in radiograms. 
Melting point of 1000°C [7,8, 14]. 


|No change in the 
specimen appear- 
ance after 
anneal ing 


In the temperature 
interval of 600- 
700°C there are 
signs of grains 
in the thin ex- 
ternal layer. 
Between 700- 
1000°C grain are 
present in the 
external scale 
layer. 


FeTe, phase with a low symmetry struc- 
ture, which in line distribution, 
resembles closely FeTe, but differs 
from it in the relative line intensity. 


An inert mark is 
left on the 
external surface 


No 
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Table 2 (continued) 


Macroscopic charac- 
Phase composition of scale teristics of the 
diffusion mechanism 


Presence of grain 
in scale layers 


Temperature 
interval, °c 
macroscopic 


FeTe, in the external and internal Signs of graini- 
layers; Melting point of 950°C. ness in external 
[16-19]. layer. 


The phase present in the external An inert mark left No 
layer resembles CoTe, (D3 4) and that on the external 
of the internal layer is similar to. surface 
CoTe (structural type of NiAs). 


In the external layer the structure of 
CoTe,, which resembles CoTe, 
(rhombohedral) and in the internal 
layer the structure is similar to 
CoTe. 


CoTe, in the external and internal Masked inert mark Signs of grains in 
layers. Melting point of 950°C. the external 
(16, 20]. layer. 


NiTe, in the external layer and NiTe No 
in the external one; phases with 
structure of low symmetry and could 
not be identified as resembling any 
known compound phase. 


Phases forming the external and in- 
ternal layers resemble closely 
NiTe.. Melting point of 950°C. 


[21, 22]. 


* For meaning of symbols see footnote to Table 1. 
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It has been demonstrated that all carbon atoms in austenite are in 


the form of positive ions. 


that there exists an analogous state of carbon in ferrite. 


It has been concluded from the literature 


It has been 


demonstrated that part of the iron atoms in austenite are negatively 
ionized, at which the extent of ionization drops in the same proportion 


as the temperature increases from 900°. 


The mean value of ionic 


charges of carbon and iron has been computed. 

It has been proved that the conceptions of Hume-Rothery concerning 
the presence of a covalent combination of carbon atoms in austenite and 
the formation of positive and negative carbon ions compensating each 
other during the decomposition of these combinations under high ten- 


peratures, appear to be incorrect. 


The clarification of the problem of inter- 
relations between the iron and carbon atoms 
in ferrite and austenite appears to be 
extremely important for the development of 
the theory of iron-carbon alloys, It is 
known that these interrelations have been 
studied over a long period of time by a 
number of authors from the point of view of 
neutral atoms existing in the mentioned solid 
solutions, However, even in 1934 Lebedev 
came to the conclusion that the existence of 
atomic species in the ionic state [1] must be 
assumed in the solid solution of carbon in 
iron, whereby carbon must exist in this solu- 
tion in the form of ions c**, 

The ionic state of carbon in a and y iron 
was experimentally demonstrated by other 
authors. In these experiments, a migration 
of carbon atoms in the solid solutim in the 
direction of the cathode was observed under 
the influence of a constant electrical field, 
We shall call this phenomenom electro-migra- 
tion. The papers of Seith, Kubaschewski [2], 
Prosvirin [3], Lebedev [4], Pomadin [5], 
Guterman and Lebedev [6,7], Dayal and Darken 
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[8], were devoted to the study of electro- 
migration in austenite, 

The applied metallographic or chemoana- 
lytical methods of recording the effect of 
electro-migration severely limited the pos- 
sibilities of research in these operations 
with regard to the quantitative definition 


of the obtained results, It should be borne 
in mind that the visible effects of migration 
can take place under considerable densities 
of current passing through the specimens 
during the experiments to create an electric 
field as well as to heat the test-pieces, 
and that in order to ensure the high current 
density, light-gauge specimens have to be 
used, which are inadequate for usual chemo- 
analytical determinations. A methodical 
inadequacy of a greater number of investi- 
gations was, that the electro-migration has 
been observed indirectly, through the resultant 
gradient of concentration along the specimen, 
which had a uniform composition in its 
initial state. No correction for the usual 
diffusion developing in the process of 
electro-migration was made at the expense of 
the appearing gradient of concentration, 

Some investigators made attempts to deter- 
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mine the value of the charge of carbon ions 
in austenite on basis of self-consistent 
experimental data, As Lebedev and Guterman 
[9] report, the most likely value of the 
charge approximates apparently 3 or 4 units, 
Dayal and Darken [8], having made a number of 
assumptions, find the value of the charge 
roughly equal to 4. It must be stressed 
however, that they obtained this approximate 
result by discarding the data of one of the 
experiments, on account of which the value of 
the charge would be brought down, 

Thus, the papers [1-9] have shown that there 
are positive carbon ions in austenite posses- 
sing, in the opinion of the authors [8-9], a 
charge from 3 to 4 units. However, for some 
time past, Hume-Rothery questions the pre- 
sence of permanently existing ions C4+ in 
austenite, considering as unlikely the de- 
parture of 4 electrons from each carbon atom 
in the lattice of austenite under an insuf- 
ficiently high acceptor-capability of iron 
atoms. To explain the perceptible effect of 
electro-migration of carbon to the cathode in 
austenite, Hume-Rothery submits the following 
hypothetical description of the mechanism of 
this phenomenon. In his opinion, the carbon 
atoms in austenite are found in a co-valent 
bond with iron atoms, The thermal motions of 
atoms under high temperatures tend to destroy 
the bonds and bring about a partial disinte- 
gration of these bonds. At the same time, a 
certain number of carbon ions are formed with 
an excessive positive charge and an equivalent 
number of carbon atoms with an excessive 
negative charge, the latter having been 
produced at the expense of the migration of 
electrons to the atoms released by the posi- 
tive carbon ions, Due to their small size, 
the positive carbon ions migrate in the 
lattice of austenite in the process of “‘elec- 
trolysis” and serve, at the same time, as 
carriers of electricity. The motion of the 
negative carbon ions is obstructed by their 
considerable dimensions and their bond with 
surrounding electro-positive shells of iron 
atoms. 

Investigations carried out by us into the 
electro-migration of carbon and iron in 
austenite show conclusively that the explana- 
tion of electro-migration of carbon in 
austenite suggested by Hume-Rothery is 
erroneous, 


In contrast to investigations having been 
carried out previously, we used in our 
experiments radioactive isotopes 14¢ and 
59me for the indication of atoms participating 
in the electro-migration, 

A radioactive isotope of the element, the 
electro-migration of which was investigated, 
was introduced into the central part of the 
wire specimen made of pure iron. The position 
of the radioactive zone on the specimen was 
fixed. A new position of the zone was deter- 
mined through measuring the distribution of 
the activity of radiation along the test- 
piece, after a prolonged high-temperature 
heating of the specimens with direct current, 
This measurement was carried out by means of 
computing the activity of consecutive smal] 
parts of the specimens, The results were 
plotted in co-ordinates on diagrams: the 
distance of the centre of the part from the 
end of the specimen indicates the position 
of this part. 

One of the diagrams illustrating the migra- 
tion of carbon under the action of a perma- 
nent electric field is shown in Fig.1. The 
experiments were carried out at temperatures 
of 950, 1000, 1050, 1100, 1150°. The effect 
of usual diffusion was taken into account by 
means of carrying out parallel tests on 
alternating current, 

The experiments have shown that all carbon 
occurring in austenite participates in the 
process of electro-migration. It can be seen 
in Fig.l] that the carburized zone shifted 
entirely toward the cathode. An analogous 
picture is observed in all tests, 


imp/min 
carbonized zone 


° gathode 


anode 


Fig. 1. Shifting of carburized zone as a result 
of heating the test-piece by direct current at 
1100° during 8 hours. 


The cited data demonstrate clearly that 
there are no un-ionized carbon atoms in 
austenite, All the carbon ions possess a 
positive charge, which is proved by the 
complete disappearance of radioactivity at 
the anode part of the initial carburized 
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zone, (Fig.1). If negative carbon ions had 
formed in austenite as well as Hume-Rothery 
presumes, then the retention of some activity 
would have been observed at that part. These 
findings are corroborated also by microstruc- 
tural analysis of the specimens, Micro- 
structures of a cross-section of the test- 
piece at the anode part of the initial car- 
burized zone before (Fig. 2,a) and after 
(Fig. 2,b) the transmission of the direct 
current through the specimen, are given in 
Fig. 2. As it is obvious from these figures, 
the anode part of the specimen freed itself 
completely of carbon in the process of 
electro-migration. 


Fig. 2. Microstructure of cross-section of test- 
piece on anode part of initial carburized zone 
before (a) and after (b) transmission of direct 
current through test-piece; 266x. 


It was shown in the papers [6,7] that the 
presence of.negative carbon ions is observed 
in ferrite as well. The authors of treatise 
[11] demonstrated that all the carbon atoms 
in ferrite are in the form of positive ions 
(experiments, beginning at 530° and higher, 


were carried out). Thus, the description by 
Hume-Rothery of the formation of ionized 
carbon as a result of the disintegration of 
bonds in consequence of thermal] motion of the 
atoms at high temperatures, also turns out to 
be incorrect. 

If, in the absence of carbon, iron atoms 
behave neutrally during the transmission of 
direct current [12], then, in the presence of 
carbon, aS was demonstrated by our investiga- 
tions, the electro-migration of iron atoms to 
the anode is quite clearly established, Ex- 
periments were conducted at temperatures of 
900, 950,1000,1050, 1100° on iron specimens 
carburized along their whole length with 
constant carbon and having in the centre a 
clearly confined zone of the radioactive 
isotope 59Fe, One of our diagrams, illus- 
trating the results of our tests, is shown 
in Fig.3. 


imp/min 


15 friinitial zone 


50 
| 


25 


20 25 


Fig. 3. Shifting of iron zone as a result of 
heating the testpiece by direct current at 950° 
during 30 hours. 


As it is evident from the figure, a con- 
siderable shifting of the anode boundary of 
the radioactive zone toward the anode takes 
place. A small shifting of the cathode 
boundary is brought about by usual diffusion, 
which is corroborated by the coincidence of 
the size of the mentioned shifting and the 
shifting produced in the tests on alternate 
current, This gives proof of the fact that 
in the process of electro-migration to the 
anode not all iron atoms participate, but 
only some of them, apparently those from the 
number nearest to the carbon atoms, with 
which they are in a reciproca] donor-acceptor 
relationship, 

In the paper [13] a formula was deduced 
permitting the computation of the charges of 
ions of elements participating in the electro- 
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migration. The computations have shown that 
carbon atoms in the lattice of austenite do 
not lose actually 3-4 electrons but only 1.4 
electrons per atom in the whole range of 
tested temperatures. Iron atoms taking part 
in the electro-migration accept 4 electrons 
each at a temperature of 900°, that is a 
number equivalent to the defect in the 3d 
layer, Their acceptor capacity drops at 
higher temperatures (at 950°-1100°), the 
assumption of Hume-Rothery regarding the 
insufficient acceptor capacity of iron atoms, 
is not confirmed. 

The donor or acceptor role of atoms of the 
impurity element in the solid metallic 
solution is determined by the reciprocal 
distribution of the energy levels of electrons 
of incomplete shells of the impurity atom and 
of the Fermi level of the electronic spectrum 
of the base. The appearance in the lattice 
of a solution of impure atoms with an excess 
charge, if these atoms possess a donor 
capacity, is connected with the development 
of a nearby deformation of the conduction 
band and with the appearance of a charge of 
the opposite sign screening the excess charge 
of the impurity. This screening charge is 
distributed partly in the conduction band, 
and partly in the inner incomplete d-shell of 
the base atoms, The thermal motion of the 
ions of the lattice of the solution shows a 
diffusing action on electrons of the conduc- 
tion zone, It is easy to demonstrate [14] 
that in all probability the diffusion of 
electrons will be accomplished not in con- 
nexion with s —»«s migrations, but in con- 
nexion with s —»d migrations of electrons, 
that is, by migrations of electrons from the 
conduction band to the incomplete d-layer of 
the base atoms. The probability of these 
migrations will be particularly great in the 
vicinity of impurity atoms, increasing the 
share of the potential of perturbation, 
entering into the value of the square of the 
matrix term of the form 


du 
where Av =t = 


is the potential of perturbation, appearing 
in connexion with the migration of the ion 
accomplishing a thermal fluctuation in an 
interval § in the direction x, and #, are 
the wave functions, determining the state of 


the electron in the initial and final state; 
+7 — time of relaxation being determined by 

the conditions of thermal motion of normal 

base atoms and impurity atoms with excessive 
charge. These descriptions comply with the 
contemporary conceptions regarding the elec- 
tronic structure of solid metallic solutions 


(15). 


Translated by W.A. Curtis 
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TREATISE ON RECRYSTALLIZATION OF THE MATRIX 


IN THE 


PROCESS OF DECOMPOSITION OF SUPERSATURATED 
SOLID SOLUTION ALUMINUM-SiLVER* 
R.M. LERIMAN and M.I. TURCHINSKAIA 
Institute of Metal Physics, Academy of Sciences, U.S.S.R. 
(Received 16 December 1958) 


During the decomposition of a supersaturated 
solid solution the formation of laminated 
areas of a two-phase composition: an equili- 
brium solid solution and a stable phase of 
segregation (two-phase decomposition) is 
observed in many alloys under certain cam- 
ditions, These areas of a pearlitic type 
grow from the grain boundaries. 

In Geisler’s review on ageing of alloys 
(1951), the transformation starting from the 
grain boundaries is fully described, Obser- 
ving many experimental data, the author came 
to the conclusion that transformation always 
follows the general single-phase decomposition 
of the alloy, since the stresses accompanying 
the single-phase decomposition are the cause 
of the reaction starting from the boundaries 
(the two-phase decomposition). 

Geisler considers this reaction as one of 
recrystallization, since it is accompanied by 
the reorientation of the matrix. Moreover, 
the transformation of the meta-stable phase 
of precipitation to a stable one occurs 
through diffusion of the first and formation 
of the second one. However, Elistratov [2] 
and some other investigators assume that 
during the two-phase precipitation no recrys- 
tallization of the matrix, but only the for- 
mation of thoroughly contracted and expanded 
small blocks, with a high degree of separa- 
tion, takes place, With a view to obtaining 
additional material for the solution of the 
problem of recrystallization of the matrix 
in the process of decomposition of the super- 
saturated solid solution, a comparative 
electron-microscopic study of the processes 


* Fiz. metal. metalloved., 8, No.4, 579-583 (1959). 


of the change starting from the grain 
boundaries in the non-deformed alloy with the 
process of recrystallization of the matrix 
after the deformation, was undertaken, 

In 1943, Geisler, Barrett and Meh] [3] 
observed the reaction beginning from the 
grain boundaries in the alloy aluminun-silver, 
with 10, 20 and 30% of silver. In the present 
investigation, the decomposition of the 
supersaturated solid solution aluminum-silver 
with 38% Ag was investigated. The specimens 
were quenched from 535° in water and were 
tempered at 300° during 5, 20, 30 min and 
1 hr with subsequent cooling in water, The 
change from a y-into a y-phase through 
formation of two-phase laminated areas of a 
pearlitic type at the grain boundaries, 
(Fig.1), was also observed here. These 
“pearlitic” areas start only from the grain 
boundaries, and only on one side from the 
boundaries. Inside the grains, the Widman- 
statten pattern of laminae of the y “phase 
remains. The area, where the change 
y <phase + matrix —>Y -phase + matrix origi- 
nated, is split into segregated areas — 
colonies, where all laminae of the y-phase 
have only one direction, (Fig.2). As in the 
paper [3], it was observed that the direction 
of the laminae of the y-phase in the colony 
does not coincide with anyone of the direc- 
tions of ¥“laminae in that grain into which 
this colony grows, (Fig.1). Besides, we note 
that the direction of laminae of the y-phase 
in the colony coincides with one of the 
directions of Y-laminae in the grain 
adjacent to that into which the colony 
grows, (Fig. 1, see directions of arrows). 
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Fig. 1. Quench from 535° in water. Temper at 
300°-20 min. X8500. Oxide replica. 


Quench from 535° in wat 
300°-30 min. X20,000. Oxide replica 


Fig. 2. 


Smith [4] also demonstrated by X-ray and 
inspection of the polished section in 
polarized light, on the alloy Zn with 2% Cu, 
tempered at 200° to obtain a two-phase de- 
composition, that the matrix in the laminated 
colony has an orientation coinciding with the 
orientation of the grain adjacent to that 
into which it grows. Smith thinks that this 
adjacent grain serves as a nucleus for the 
new unstressed area. The process of growth 
of areas of the pearlitic type, both in the 
alloy investigated and in the alloy Zn-Cu, 
resembles the process of recrystallization of 
the slightly deformed aluminum of high purity 
taking place through the movement of boun- 
daries without formation of new nuclei [5], 
It is known that a greater free energy is 
necessary for the formation of a new nucleus 
than for the advance of an already existing 


grain boundary. The measurements of the 
micro-hardness have demonstrated that the 
hardness inside the grain with Y-precipitates, 
(in the first case, the hardness was 104 
kg/mm?, but in the second — 156 kg/mm?), 

When the tempering period is extended to 30 
min and longer, the “pearlitic” colonies 
occupy almost the whole area, (Fig. 2). 

A parallel investigation of the decompo- 
sition of a supersaturated solid solution of 
the same alloy after a cold deformation of 
51%, after quenching from 535° and a recrystal- 
lizing anneal for 25, 40 min and 1 hr at 165°; 
25 min at 215°, and 25 min at 315°, followed 
by water cooling, was carried out, After a 
25 min anneal at 165°, zones in form of bright 
specks enriched with silver, are visible on 
the whole area of the polished section, At 
this tempering temperature, new recrystal- 
lized grains appear in isolated grains, both 
at their boundaries and inside them, (Fig. 3). 

Precipitation in these new grains is a much 
later stage not zones, but laminae of the 
Y-phase. Consequently, the process of re- 
crystallization ‘‘releases” the decomposition 
~ the process of precipitation in recrystal- 
lized grains precedes that in unrecrystal- 
lized ones, This, apparently, can be ex- 
Plained thus; that the process of reorgani- 
zation of the lattice occurs at the moment of 
recrystallization, It is known from the 
literature, that it is not the degree of 
preliminary deformation, but recrystallization 
which affects the rate of formation of the 
o~phase in stainless steels [6]. In contrast 
to Y- precipitates in the undeformed alloy, 
(Fig. 1), where laminae of the Y -phase can 
in any region have directions parallel to the 
surface (III), in recrystallized grains the 
Y -phase precipitates in form of colonies 
that are parallel only to one direction, One 
or several such colonies are in each recrys- 
tallized grain, (Fig. 3, 4). The hardness of 
recrystallized grains is considerably lower 
than the hardness of unrecrystallized parts: 
110.4 kg/mm? for the first, and 210 kg/mm? 
for the second ones, 

In the first colonies the laminae of the 
Y-phase are distorted, (Fig. 3). The number 
of zones with distorted Y-laminae decreases 
with the increase of temperature and time of 
tempering, (Fig. 4). The laminae of the 
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Y -phase have a fine structure. In colonies 
not combined with each other but distributed 
in one old grain, precipitating Y-laminae 
have often the same direction, (Fig. 3). 


Fig. 3. Quench from 535° in water. Deformation 
51%. Temper at 165°-25 min. X20,000. Oxide 
replica, 


Fig. 4. Quench from 535° in water. Deformation 
51°. Temper at 165°-1 hr. X20,000. Oxide replica. 


Recrystallized regions after tempering at 
165° for 25 min occupy approximately 1/6 of 
the size of the specimen, after 40 min - 2/5, 
after 1 hr tempering few unrecrystall ized 
parts remain, (Fig. 4). After a 1 hr temper 
at 165°, very fine, distorted, densely dis- 
tributed laminae of the Y-phase appear in 
the remaining unrecrystallized parts, (Fig.4); 
after tempering at 215° for 25 min the laminae 
are less distorted and form the Widmanstatten 


pattern, (Fig.7, see part A). It should be 
noted that in specimens not subjected to 
deformation, no formation of a Y-phase is 
observed after the above mentioned tempering, 
The deformation contributes to the decompo- 
sition of the solid solution, accelerating 
the formation and increasing the number of 
nuclei of the new phase [7-8]. After a 

25 min tempering at 215° the unrecrystal- 
lized region are found very sparsely. The 
whole remaining field consists of colonies of 
very fine and straight laminae of a Y -phase 
distributed along one direction in each 
colony, (Fig. 5). 


Fig. 5. Quench from 535° in water. Deformation 
51%. Temper at 215°-25 min. X21,000. Oxide 
replica. 


Fig. 6. Quench from 535° in water. Deforma- 
tion 51°. Temper at 215°-25 min. X21,000. Oxide 
replica. 


At 165°, after a 40 min soak, the beginning 
of the transition of the meta-stable Y -phase 
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to the stable Y-phase is observed, with fur- 
ther increase of the temperature and annealing 
time, a further transition of 1’ > ¥ and an 
enlargement of the latter, takes place, 

(Fig. 6,7). After a 25 min anneal, only 
colonies of precipitates of the Y -phase are 
visible, (Fig.8). Geisler, Barrett and Moh] 
[3] concluded from the results of X-ray 
investigations that the cold-deformed matrix 
in the alloy Al-Ag is recrystallized during 
the formation of the Y -phase. 


Deformation 


Quench from 535° in water. 
51%. Temper at 215°-25 min. X21,000. Oxide 
replica. 


Fig. 7. 


Fig. 8. Quench from 535° in water. Deformation 
51%. Temper at 315°-25 min. X20,000. Cxide 
replica. 


The electron-microscopic observations of 
the operation in question lead to the con- 
clusion that the cold-deformed matrix in the 


alloy Al-Ag is recrystallized simul taneously 
with the formation of the ¥Y-phase, which 
changes into a Y-phase only when increasing 
further the temperature and time of temper- 
ing. 

A corroboration of the conception that the 
growth of laminated areas from grain boun- 
daries in an undeformed alloy during the 
transition of 1 > YT is accompanied by the 
recrystallization of the matrix, are the 
following observations: 

1. During the growth of two-phase laminated 
areas in an undeformed alloy, just as during 
the growth of recrystallized grains after 
their deformation, the separating phase grows 
as colonies of parallel laminae; 

2. In both cases, a phase develops that 
conforms to a much later stage of decompo- 
sition than that in the remaining grain; 

3. The orientation of the laminated area 
does not coincide with the orientation of the 
grain into which it grows, 


CONCLUSION 


The comparison of the structural picture of 
the formation at the grain boundaries of 
laminated areas of the equilibrium phases of 
precipitation and matrix in the alloy Al-Ag 
with the picture of recrystallization after 
the cold deformation of the same alloy and 
also with the picture of recrystallization of 
lightly deformed aluminum of high purity, 
leads to the conclusion that the first process 
is accompanied by the recrystallization of 
the matrix. 


Translated by W.A, Curtis 
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ELECTRON-MICROSCOPE INVESTIGATION OF THE 
DISTRIBUTION OF GUINIER-PRESTON ZONES IN 
AGEING ALLOYS* 

N.N. BUINOV 
Institute of the Physics of Metals, U.S.S.R. Academy of Sciences** 
(Received 16 January 1959) 


1. Much valuable information on the structure of the alloys. The references include only 
and structural changes of the matrix of super- the series of reports [1-7, 18] devoted to 
saturated solid solutions may be obtained by the study of the distribution of precipi- 
the electron-microscope investigation of the tates. The present article gives only the 
distribution of Guinier-Preston zones (G.P.) results of the study of the G.P. zone dis- 
and their precipitation through the volume tribution in ageing alloys. 


TABLE 1 


Network formed by 


Network formed by G.P. zones diffused ‘‘veins” 
and relief 


Dist ance 
Name of alloys Limits of] Average between |Limits of] Average 
network /|dimensions|G.P. zones} network | dimensions 
dimensions|of network} in the |dimensions| of network 
(p) dimensions (p) 


. Al-Cu (4% Cu), with quenching and low-tempera- 
ture ageing to 150° .. 
Ageing at 150-190°... .. .. .. .. . 
Strain and ageing at 150-210° .. .. .. .. 
Ageing at 340° (1 hr.) and straining to 90%.. : - 
Ageing at 350° (2 hr.) and rapid anneal at 
- Al-Cu (1% Cu). Low-temperature ageing .. 
. Al-Cu (2% Cu). Natural ageing... .. .. 
. Al-Cu (5.7% Cu). Natural ageing . 
. Al-Cu (4% Ci - 1% Fe). Low-temperature 
- Al-Cu-Mg (3% Cu and 1.15% Mg). Natural Ageing 


0.01-0.02} 0.05-0. 2 
0.07-0.2 


Fiz. metal. metalloved., 8, NO.4, 584-589, 1959. 


Use has been made of electron photographs taken at the phase transformations laboratory of the 
Institute of the Physics of Metals of the Academy of Sciences of the U.S.S.R. 
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Distribution of Guinier-Preston Zones in Ageing Alloys 


Table 1 (continued) 


Network formed by 


Network formed by G.P. zones diffused ‘‘veins” 
and relief 


Dist ance 
Limits of] Average | between |Limits of | Average 
network |dimensions/G.P. zones} network |dimensions 
dimensions |Of network} in the |dimensions/of network 
(pe) dimensions (pe) 


Name of alloys 


. Al-Si (1.2% Si). Quenched dee 
Ageing at 210-255° (to maximum maaeiiin.. 
Straining to 13.5% and ageing at 260° from 

. Al-Ag (10-20% Ag) ee [0.04-0.07 
Artificial ageing (175- -220°) os oe se 

. Aluminium (99.95%) strained .. ‘ 

. Dl. Natural ageing 0.01-0.02 

Ageing at 180° 
Ageing at 300° 1 hr .. 

. AK4. Quenching and enibien: at “180° 
Idem. at 225-275° 
Idem. at 325-425° 
Isothermal hardening at 205 - 250° 

. AK4-1. Quenched 
Ageing at 180° 10 hrs . 

Gradual quenching 275° 1 min, ‘eels and 

. Ni-Be (1.9% Be). Ageing at 425-500° ee - 

. Magniko. Quenched (H, = I,) 0.02 
Treated to a highly state (H. = 470. 0.02 
Furnace cooled from 1280° .. .. . a - 

15. Cunife. Thermo-mechanically treated con a 

highly coercive state (H c= 305 I > ; 

16. Permalloy (66; 78.5 and with Mo). Quenched 

and partially regulated ee 

18. Al-Zn (10%)-Cu (0.5%). Ageing at 180° 12 hr. 


0.01-0.02 
0.01-0.02 


090 


2. In the second column of the table are consists of equiaxial, and sometimes also of 
given the dimensions of the ‘‘network” formed Oblong cells (Figs. la-c). For almost all 

by G.P. zones* in various alloys, The network’ alloys the dimensions of the cells of this 
network are the same in diameter, 0.01-0. 2p"? 
The average measurement, however, is nearer 


* On the electron photographs the light equiaxial- 


shaped specks correspond to the G.P. zones. This 
correspondence follows from a comparison of the ** Information on the existence of networks of 


electron-microscope and X-ray data which has this scale, formed by G.P. zones in the alloys 
been partially published [19-21]. Al-Ag and Al-Cu, is given in [8]. 
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0. 2-0.3 0. 25 
0.1-0.2 0.15 
0.1-0.2 0.15 
0. 1-0. 2 0. 15 
0.08 VOL 
8 
195 
0.1-0.2 0.15 
0. 1-0. 2 0.15 
| 0.03-0.2 | 0.07 
0.2-0.3 | 0.25 
0.2-0.3 | 0.25 


0.1. Variations on these values are slight 
and are observed mostly in the Al-Ag alloy 
(0.03-0.072).. The shape of the cells at 
times approaches that of a hexagon. In some 
cases the alignment of the links almost 
coincides with the alignments of type [100] 
and [110], but this is usually arbitrary. 

The networks can be seen in alloys subjected 
to widely differing heat treatments, as for 
instance in the alloy Al-Cu (4% Cu), as can 
be seen from the table, after quenching, 
natural ageing, artificial ageing (Fig. Ic), 
ageing under high temperatures (Fig. 2), 
ageing and straining etc. The development 
of such a network was particularly successful 
in this alloy after quenching from 530°, 
polishing electrolytically, subjecting it to 
a strain (1-9% in tension), and annealing for 


one hour at 150°C (Fig.3). 


4 


Fig. 1. a — alloy Al-Cu (4% Cu); after natural 

ageing; b — alloy Al-Ag (10% Ag); after natural 
ageing; c — alloy Al-Cu (4% Cu); ageing at 180° 
for 30 min.; X 50,000. 


Distribution of Guinier-Preston zones in ageing alloys 


A regular distribution of cells in a 
network relative to each other is often 
observed. In Fig. 3, for example, cells of 
approximately similar dimensions and shape 
are arranged in rows and form an almost 
rectangular network, The regular distribu- 
tion of cells is seen also in Fig. la and 


Fig. 2. Alloy Al-Cu (6.3%) -— Ma (0.7%) —- Ti 
(0.14%); Annealing 250° - 10 br and testing for 
prolonged stability at 350° during 100 hr. with 


stress of 3 kg/mm; X 50,000. 


In some crystalline alloys Al-Cu, Al-2m-Cu, 
and Al-Cu-Mg the G.P, zones form straight or 
almost straight traces several microns long 
and at a distance of 0.05-0.24 from each 
other (Fig.4). Here the zone distribution 
recalls the distribution of etch pits in the 
polygonized alloy Fe-Se studied by Dunn and 
Hibbard [9]. The distance, however, between 
the traces of the zones is considerably less 
than between the traces of the etched pits, 
Together with the submicroscopic network 
formed by the G.P. zones the electron photo- 
graphs show a network formed by dark diffused 
“veins” (Fig. 5) and a contour, The second 
network is probably developed at the expense 
of the uneven distribution of the atoms-of 
the metal alloy components. The shape and 
dimensions of the cells of this network (cf, 
column three of the table) are approximately 
the same as those of a network formed by 
GP. zones, 
3. As has already been observed, the dimen- 
sions of both types of submicroscopic net- 
works coincide. Moreover, both types of 
network are stable for the various heat 
treatments and strains, They are, it seems, 
of identical origin. This is confirmed by 
the electron photographs in which the net- 
work is formed simultaneously with the GP. 
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zones and the diffused ‘‘veins® (Fig. 6). 


Fig. 3. Alloy Al-Cu (4% Cu) polishing electro- 
polytically, strain to a certain degree (1-9% with 
tension) and ageing at 150° for 1 hr; X 50,000. 


Alloy Al-Zn-Cu (10% Zn and 4% Cu); 
X 50,000. 


Fig. 4. 
ageing at 150° for 1 hr; 


Fig. 5. Alloy Al-Si (1.2% Si); etching, quench- 
ing from 525° and ageing at 255° for 8 min; 
X 50,000. 


A detalied study of tne distribution of 
G.P. zones leads one tc conclude that the 
networks very often occur in adjacent grains 
also, and almost always in deformed alloys. 
If the networks were plane or 2-dimensional 
they could be observed only under the par- 
ticularly favourable conditions when the 
plane of the networks coincided with the 
polished sample surface. In the as-quenched 
state and in the initial stages of decompo- 


sition, 3-dimensional networks may not yet 
have spread through the entire volume of the 
alloy. The networks have both equiaxial and 
elongated cells. After deforming the alloys, 
cells of equiaxial from only were seen in the 
electron photographs (Fig. 7). These net- 
works should correspond to the submicro- 
mosaic structure of the alloys, which will 
agree with the results of X-ray investiga- 
tions [10]. Inasmuch as the dimensions of 
the cells depend but little on the nature of 
the metal of the alloy component, on defor- 
mation and on heat treatment, a submicro- 
mosaic structure of a scale of 0.1-0.2 m may 
be considered as characteristic for both 
metals and alloys. This is confirmed also by 
data given in the references. It follows 
from the electron-microscope research cited 
in Hirsch’s survey [10] that a submicro- 
mosaic structure of 0.1 is to be found in 
strained copper, of 0.154% in beaten gold 
foil, of 0.1 in steel (3% Cr and 1% Mo). 


Fig. 6. natural ageing; 


X 50,000. 


Alloy Al-Cu (1% Cu); 


In the last case the submicro-mosaic struc- 
ture is shown by precipitates, their distance 
being equal to 300 According to data given 
by Masin [11], in martensite (steel with 1% C) 
annealed at 550-700°C the size of the mosaic 
blocks is 0. 2 - Moreover, this depends 
neither on the temperature nor on the time of 
annealing. Finally Biussi’s data [12] on the 
substructural dimensions for aluminium and 
aluminium alloys with copper coincides with 
that given in our table, 

It must be noted that in the electron 
photographs in which the network is formed 
both by GP. zones and dark ‘‘veins” (Fig. 6), 
double boundaries of the cell are to be seen. 
Some of the boundaries are marked by the GP. 
zones and others by accumulations of the 
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alloy components. Sub-boundaries in the form 
of dark ‘‘veins” are more frequently observed 
in strained alloys and also in dilute alloys 
(for instance, in aluminium alloys with 1-% 
copper). A small degree of supersaturation 
and, consequently, a slight tendency to age, 
probably leads more often not to the formation 
of G.P. zones on the boundaries of the cells 
of the submicro-mosaic structure, but to the 
formation of elongated zones of a compara- 
tively weak concentration of the alloy com- 
ponent, 


Fig. 7. Alloy Al-Cu (4% Cu); ageing at 340°, 
1 hr; straining by compression to 90%; X 50,000. 


4. As has already been shown, it has not been 
possible to observe any substantial change in 
the dimensions of the submicro-mosaic struc- 
ture of the type described (or in the dimen- 
sions of the cells) in relation to heat treat- 
ment and strain, On this b.sis we formerly 
made the mistaken preliminary assumption that 
the submicro-mosaic structure of the type we 
have considered, plays no part in the strength- 
ening of alloys produced by ageing. But in 
actual fact the submicro-mosaic structure 
seems to play a significant role in the in- 
crease of alloy strength. In support of this 
assumption is the fact that the etch patterns, 
corresponding to mosaic blocks of a larger 
scale, decrease with the period of ageing and 
the increase in strength of the aluminium 
alloys to dimensions of the order of several 
tenths of microns. [14-15], i.e. to dimensions 
approaching the size of the blocks of the 
submicro-mosaic structure described. 

The strengthening of metals by alloying, 
ageing and plastic deformation at the expense 
of the submicro-mosaic structure may be des- 
cribed as follows, If the submicro-mosaic 
structure is not fully developed in the 


whole volume of the metal then the alloying, 
ageing and plastic deformation lead to the 
extension of this mosaic throughout the 
entire volume of the alloy and to an increase 
in disorientation between sub-grains, But if 
submicro-mosaic structure of the scale 
observed is always found in metals and alloys 
then the strengthening must be connected with 
the increase in the disorientation, 

The formation of zones of straight line 
traces may be considered as the result of the 
regular rotation of the blocks of the sub- 
micro-mosaic structure about some axis or 
alignment, That this rotation may occur in 
separate grains of the alloy is shown by X-ray 
investigations [16-17]. In the Ni-Be alloy 
[17], judged by the different degree of 
diffuseness of the anomalous two-dimensional 
effects, the rotation of the blocks during 
ageing takes place chiefly about one of the 
[110] directions. The boundaries of mosaic 
blocks parallel to the axes of the rotation 
will have larger angles of disorientation, 
Because of this, it is in them that the 
process of the principal accumulation of the 
formation of the G.P. zones will occur, 


SUMMARY 


1. 3-Dimensional networks with cell dimensions 
of the order of 0.1, are found along the 
distribution of G.P. zones and the alloying 
component in alloys, 

2. We have eStablished that the dimensions of 
the cells do not change with heat treatment 
and strain, 

3. The data obtained experimentally and given 
in the references allows us to conclude that 
the networks observed correspond to the 
blocks of a submicro-mosaic structure, 

4. We have stated a theory on the role of the 
submicro-structure in the strengthening of 
alloys, 


Transalted by J.H. Gwynn 


REFERENCES 


1. P. Lacombe, and A. Berghezan, Compt. Rend., 
226, 2152 (1948). 


107 


108 Distribution of Guinier-Preston zones in ageing alloys 


. P. Lacombe, Physics., 15, 161 (1949). dat, 149 (1957). 


. R. Castaing, C.R., 228, 1341 (1949). 

. J. Nutting, and J. Thomas, International Con- 
ference on Electron Microscopy, London, (1954). 
. H. Wilsdorf and D. Kuhlmann-Wilsdorf, Phil. 
Mag., 45, 1096 (1954). 

. H. Wilsdorf and D. Kuhlmann-Wilsdorf, Report of 
Conference on Defects in Crystalline Solids, 
Bristol, 1954. (Phys. Soc., London, 175 1953). 
. J.M. Hedges and J.W. Mitchell, Phil. Mag., 44, 
223 (1953). 44, 357 (1954). 


. N.N. Buinov and R.M. Lerinman, Dokl. Akad. Nauk. 


SSSR. 74, 707 (1950). 

. C. Dunn and W. Hibbard, Acta Metallurgica, 3, 
409, (1955). 

. P.B. Hirsch, Progress in Metal Physics, 6, 236 
(1956). 

. A. Masin, Ann. d. Physik, 19, 257 (1957). 

. P. Biussi, Primeneniye elektronnoi mikroskopti 
(Use of the Electron Microscope), Metallurgiz- 


. N.N. Buinov, Trud. Inst. Fiz. Metallov. Ural. 


Filial. Akad. Nauk., Vol. 20, 283 (1958). 


. N.N. Buinov and R.R. Zakharova, Fiz. Metal. 


Metalloved., 6, 289 (1958). 


. V.G. Rakin and N.N. Buinov, Fiz. Metal. Metal- 


loved., 6, 686 (1958). 


. A.M. Yelistratov, Dokl. Akad. Nauk. SSSR., 101, 


69 (1955). 


. N.N. Buinov, Izv. Akad. Nauk. SSSR , ser. fiz., 


5, 648 (1959). 


. V.G. Rakin wnd N.N. Buinov, Dokl. Akad. Nauk. 


SSSR. 121, 271 (1958). 


. N.N. Buinov, Fiz. Metal. Metalloved., 1, 339 


(1955). 


. R.M. Lerinman and N.N. Buinov, Fiz. Metal. 


Metalloved., 5, 279 (1957). 


. N.N. Buinov,and L.I. Podrezov, Fiz. Metal. 


Metalloved., 1, 349 (1955). 


3 13 
5 
7 
18 
19 
10 
20 
11 
12 2) 
8 
19) 


PLASTICITY OF TRANSFORMER STEEL AFTER HEAT 
TREATMENT AT TEMPERATURES OF 300-900°* 
DOROSHEK 
Urals Scientific Research Institute of Ferrous Metals 
(Received 17 July, 1958) 


A general picture is given of the change in the plasticity of trans- 
former steel within the temperature range of 300-900° both in the 
cooling process after annealing and in the annealing process after 
quenching. In this range the plasticity of transformer steel has three 
minimum and two maximum values of ductility. 

Some of the kinetic rules for the change in plasticity in the low- 
temperature maximum and medium-temperature minimum range of ductility 
are studied. By gradual cooling or quenching with annealing the 
Plasticity of transformer steel may change jn any direction. 


Contemporary technology of the annealing of 
transformer steel only takes into account re- 
crystallization and low-temperature changes 
according to a stable and metastable variant. 
Meanwhile a number of works [1, 2] point to 
the possible occurrence of different phase 
transitions in microvolumes of transformer 
steel with commercial proportions of carbon 
and silicon, which cannot be reflect on the 
mechanical and magnetic properties. Actually, 


as has been shown in articles [3,4], the change 


in steel ductility in the cooling process 
after annealing is of a complex character 
which cannot be explained merely by the 
diffusion and precipitation of cementite 


[5,6]. There is as yet no data in the refer- 


ence on which to base a general picture of 
the change in ductility of transformer steel 
after heat treatment at temperatures of 
300-900°, The present work gives some of the 
experimental data relating to this problem. 

Research was undertaken on four commercial 
medium-alloyed melts of transformer steel, 
the chemical composition of which is given in 
the table, 

Samples in the form of strips measuring 
0.5 x 30 x 250 mm were subjected to heat 
treatment: a) annealing at a temperature of 
900°, soaking for two hours, furnace cooling 
at a rate of 50° per hour with oil fixation 


TABLE 1 


Content of the elements, % 


si Mn P 


3. 60 0.047 0.17 | 0.022 
3. 74 0.036 0.23 | 0.033 
3.58 0.050 0.14 | 0.020 
3.56 0. 070 0.18 | 0.020 


* Fiz. Metal Metalloved., 8, No.4, 590-594, 1959. 
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A 0.020 | 0.12] 0.009] 0.036] 0.16 
B 0.017 | 0.12] 0.009] 0.065] 0.15 
c 0.011 | 0.10] 0.010] 0.055] 0.12 
D 0.015 | 0.10] - | 0.050] 0.16 


Plasticity of transformer steel] 


every 25-30°; b) quenching from 900° after a 
two-hour soaking in oil with subsequent 
anneal over two hours in the 350-875° range; 
c) quenching from 900° after a two-hour 
soaking in oil with subsequent anneal at 
475-675° over 2-8 hours; d) samples fixed at 
temperatures of 875, 775, 725, 675, 550 and 
425°, after treatment according to variant a, 
were annealed at 580° for 1-8 hr and at 400° 
for 1-12 hr. 

The samples treated were tested at room 
temperature on a special bending device, the 
radius of the bit being 5 mm, Each point on 
the graphs represents the mean value, 10-20, 
of the tests, The dispersion of the readings 
is shown on some of the graphs. 

Part of the experiments were undertaken on 
Menage samples subjected to hardening from 
950° after a 2 hr soaking in oi] with subse- 
quent annealing in the 300-900° range every 
25° for 2 hr. In each case the cooling after 
the anneal was effected in oil. The Menage 
samples were tested on a ram impact machine 
at a power of 30 kgm at 130°. Each point 
corresponds to 3-5 samples. 

In individual cases a chemical analysis of 
the carbon was undertaken, and also a micro- 
structural analysis with a magnification of 
X 600. 

In Fig. 1 are shown the results of tests for 
melt brittleness in relation to the tempera- 
ture for quick cooling, With a fixation tem- 
perature of 875° the number of bends for this 
melt levels to an average of 12. With a 
lowering of the fixation temperature to 725° 
a sharp decline in plasticity was most clearly 
observed, with a maximum plasticity at 675° 
and also an analogical minimum and maximum at 
550 and 425°. 

Analogical tests were made in other melts to. 
check the rules obtained, In Figs, 2a-b are 
shown the graphs of change in the number of 
bends in relation to the fixation temperature 
for melts C, D. It will be seen from the 
graphs shown that the general rules for the 
change in plasticity in the cooling process 
after annealing remain the same as for melt 4A; 
but the character of the increase and decrease 
in plasticity and also the distribution of the 
extreme points differ somewhat as a result of 
the individual peculiarities of each melt, 

The carbon content of the strips tested was 
0.004-0.008 per cent. The grain seemed pure 


in all melts and no structural changes at the 
boundaries (X 600) were detected, Stringers 
of a thin cementite network were very rarely 
encountered, but their connexion with brittle- 
ness was not clearly observed, 

It was expedient to study the plasticity of 
transformer steel with annealing in the 
300-900° range after high-temperature quench- 
ing at 900-950°. For this, samples of melts 
B and D were treated according to variant b. 
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Fig. 1. Change in plasticity of transformer 
steel of smelting A with heat treatment in the 
temperature range 300-900°: 

a — relation of the rumber of bends at room tem- 
perature in the cooling process after annealing 
(Too 7 anngal = 2 hr., speed of 
cooling after anneal 50° per hr); 

b - relation of resilience to annealing tempera- 


ture. (T = 950°; + = 3; 


quenching anneal ~ 
t 


testing ~ 130°). 


After testing the relation between the number 
of bends and the temperature of annealing 
became apparent and the curve is shown in 
Fig.2 (graphs 3,4). At a temperature of 350° 
both melts had 13 bends. With an increase in 
temperature to 450° the number of bends 
increased somewhat, and at 550° noticeably 
decreased. Thus, as a result of the anneal, 
maximum plasticity was also observed at 
450°. The increase in the temperature of 
annealing from 550 to 690-700° is accompanied 
by a decrease in brittleness, and with 
annealing at 775-800° a decrease in ductility 
is again observed, 

As in the case of cooling after annealing, 
two maximum values of plasticity are observed 


Plasticity of transformer steel 


upon the hardening of transformer steel (at 
temperatures of 450 and 690-700°) and three 
minimum values (350, 550, 775-800°), 

The extreme points of change in brittle- 
ness after annealing were clearly detected 
while testing the Menage samples for resili- 
ence (Fig.1b). In this case three minimum 
readings for brittleness were clearly visible 
at 350, 550, 800°, and maximum readings at 
470 and 670°, 


a 


300 400 500 600 700 600 900°C 


Fig. 2. Influence of treatment-temperature of the 
samples on the number of bends: 
1 - smelting D, = 900°, time of anneal 
2hr., v cool ing = 50° per hr. 2 — smelting C, 
Tonneal = 900°, time of anneal 2 hr, ucooling = 
= 50° per hr. 3 — smelting B, T esenching = 900”, 
time of quenching 2 hr., time of anneal 2 hr. 

4 -— smelting D, Touenching = 900°, time of 
quenching 2 hr., time of anneal 2 hr. 


Existing technology of the finishing heat 
treatment of transformer steel] in Soviet 
factories envisages slow cooling (5-10° per 
hr) to a temperature of 550-600°, with a 
subsequent fast cooling of 40-60° per hr. 
Thus of greatest interest from the point of 
view of practical heat treatment are the 
medium-temperature minimum (525-575°) and 
the low-temperature maximum (425-450°) 
Plasticity observed above. 

Kinetic graphs for the isothermic treatment 
of transformer steel within the range of the 
low-temperature maximum and the medium- 
temperature minimum brittleness are shown in 


Figs. 3, 4. 


SS 2 


of bends 
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450 550 650700 
Temperature, °C 
Fig. 3. Kineticdrop in brittleness of transformer 
steel at medium-temperature minimumof ductility 
(smelting D, Toy enching = 900°, oil cooling): 
= 2 hr. 2 = Tanneal = 4 3- 


Tanneal = & hr. 

After tests for bends, samples of melt D, 
treated according to variant c, gave the 
following picture of the development of 
brittleness at the medium-temperature minimum 
plasticity (Fig.3).* With a 2 hr soaking in 
the 450-700° temperature range the drop in 
plasticity at temperatures of 550-600° is 
clearly defined, characterized by 7.5 bends, 
Increasing the soaking to 8 hr led to an even 
greater development of brittleness (0-0.5 
bends). It should also be noted that an 8 hr 
soaking is fully sufficient to induce a sharp 
drop in plasticity not only at 550° but also 
at 475-650°, i.e. the longer the soaking the 
greater the drop in plasticity. 

Samples fixed at different temperatures in 
the cooling process after annealing notice- 
ably lowered the plasticity on annealing in 
the range of the medium-temperature drop, 
Strips of melt A, treated according to variant 
d, were annealed at 580°. Moreover, samples 
rapidly cooled from a temperature of 875° 
after a 9 hr soaking at this temperature 
lowered the plasticity on an average from 12 
to 4 bends (Fig. 4c, graph 2). Samples 
rapidly cooled from a temperature correspon- 
ding to maximum plasticity (675°) lowered the 
Plasticity from 16 to 11 bends with a soaking 
lasting 1 hr, and to 6.5 bends with a 9 hr 
soaking (Fig. 4a, graph 1). But after rapid 


1 -T anneal 


* In the case under consideration the ‘‘cork” 
sheets taken of this melt were of a rather 
smaller absolute plasticity than sheets of the 
same melt observed earlier. 
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Fig. 4. Relation of plastic rapid cooling of transformer steel to time 
of soaking with anneal at 400 and 500°, 


@ Tonneal = 580°, oil cooling; 1 Tris. 675°, 2 - Trix. = 75°. 


b Tonneal = 400°, oil cooling; 1 -T,;, = 550°, = 425°. 


Trix. = 715, T nneal Trix. = = 580°. 


cooling from the temperature of the high- the brittle sheets obtained as a result of the 
temperature minimum brittleness (725°) the rapid cooling from 550°, characterized by 
sample’s plasticity after annealing for 1 hr 7.0-7.5 bends, noticeably increased in 
suddenly increases (from 7 to 14.5 bends), plasticity of samples fixed at the high- 
and with further soaking invariably drops temperature minimum (Fig. 4c, graph 1) 
(down to 3-4 bends after 6-9 hr) to a value changes analogically. With an increase in the 
lower than the corresponding value after soaking time to 12 hr during anneal the 
fixation at 675° (Fig.4a, graph 2). number of bends is almost doubled, Thus the 
Imported (French) steel known for its high brittleness of transformer steel can be 
plasticity is also impaired by annealing at rectified after appropriate treatment by 
about 550°. Sheets with 4.3% Si, 0,5 mm annealing in the range of the low-temperature 
thick in their initial state, similarly maximum ductility (400-450°). 
sustained 4-6 bends; but after a 3 hr anneal The complex character of the change in 
at 550° not one of them sustained even 0.5 plasticity after heat treatment within the 
bends, although with a magnification X 600 range of the temperatures investigated, and 
no changes were discerned in the structure, without noticeable structural changes after 
which contained a large number of titanium the usual magnification (x 600), is charac- 
and graphite carbonites, terized by the general kinetic rules for 
Thus the plasticity of transformer steel, diffusion processes and indicates the occur- 
both with a small carbon content (0.004-0.008%), rence of transitions in volumes of a micro- 
close to the solubility limit, and with conm- scopic and submicroscopic order. Similar 
binec carbon (in the form of graphite or transitions may, evidently, occur in the 
titanium carbonites precipitating at high boundary regions of grains (blocks where the 
temperatures), invariably deteriorates after increased reserve of free energy favours a 
annealing at the temperatures for the medium- considerable variation in the chemical 
temperature minimum (525-575°). composition of intercrystalline zones from 
The results of the survey of plasticity the average composition of steel [7]. 
obtained by annealing samples of melt A at 
400°, after being treated according to variant 
d, are given in Figs. 4 b/c, After a 12 hr CONCLUSIONS 
anneal at 400° the number of bends in samples 
rapidly cooled from the low-temperature maxi- 1. In the process of cooling transformer 
mum (425°) was reduced from 14.5 to 13.0. But steel after annealing in the temperature 
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range of 300-900° three minimum and two maxi- 
mum values of ductility are observed. The 
high-temperature minimum is located in the 
725-825° range, the medium-temperature at 
525-575°, the low-temperature at 350-400°. 
Correspondingly, the maximum readings are at 
650-700° and 425-450°. 

2. The plasticity of transformer steel may 
deteriorate by annealing at minimum tempera- 
tures but improve, on the other hand, by 
annealing at temperatures of maximum ducti- 
lity. The longer the metal stays at tem- 
neratures characterizing the extreme values 
of ductility the greater the extent of the 
occurrence of decrease or increase in the 
brittleness of transformer steel, 

2 Extreme change in the plasticity of trans- 
former stee] treated in the temperature range 
of 300-900° indicates the occurrence within 
that range of complex diffusion processes 

in volumes of a microscopic and submicro- 


scopic order. Translated by J.M. Gwynn 
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CARBIDE EUTECTIC IN NICKEL-CARBON ALLOYS* 
R.A. SIDORENKO 
S.é. Kirov Urals Polytechnic Institute 
(Received 27 December 1958) 


Alloys of iron, cobalt and nickel with 
carbon have much in common. In these systems 
a graphite eutectic is formed, in connexion 
with which cobalt-carbon and nickel-carbon 
alloys are repeatedly used as models of 
graphite-forming processes in cast iron, In 
iron-carbon and cobalt-carbon alloys the 
formation of a metastable carbide eutectic as 
well as a graphite eutectic is possible. 
However, if this structure is well-known 
and is easily formed in iron-carbon alloys, 
it has been obtained in cobalt-carbon alloys 
only by sudden quenching from a liquid state 
[1,2]. As regards the carbide eutectic in 
nickel-carbon alloys, judging from reference 
data this structure has not yet been observed, 

According to the abstract of Khansen’s data 
[3], in the structure of nickel-carbon alloys 
only graphite and a solid solution of carbon 
are observed in the nickel. The presence at 
2100° of a bending point on the carbon 
solubility curve in liquid nickel and an 
exact correspondence of the carbon content at 
this temperature to the composition of Ni,C 
allowed Ruff and Martin [4] to deduce the 
existence of this carbide, They saw in the 
structure of certain alloys, together with 
nickel and graphite, a structural element, 
brown in colour, inside the eutectic .and 
this, in their opinion, could only be nickel 
carbide. Morrogh and Williams [1] maintain 
that Ruff and Martin’s microphotographs do 
not confirm the presence of carbide in the 
structure of their alloys. Ruff and Martin 
had been the first to observe disintegrated 
carbides whose carbon was unable to spread to 
the graphite impurities. These disintegrating 
carbides have been observed by the author in 
cobalt-carbon alloys in a joint study with 


* Fiz. Metal. Metalloved. 8, No.4, 595-598, 1959. 


A. Goroshkov [2], and these also were brown in 
colour. Khansen’s general conclusion is such 

that although the existence of nickel carbide 

cannot be doubted nevertheless it cannot be pre- 
sent as a structural componentin alloys obtai- 
ned bya diffusionof carbonin liquid nickel. 


Morrogh and Williams [1] melted 6 g of 
nickel into a graphite crucible, soaked the 
alloy for a long period at a temperature of 
1500°, slowly cooled it over half an hour to 
1450°-and then rapidly quenched it in water. 
Together with the graphite they observed in 
the structure of this alloy a Wicdmanstatten 
pattern (Fig. 1) which they believe to be 
nickel carbide. The absence of this pattern 
near graphite impurities and its disappearance 
with annealing proved, in the author’ s opinion, 
that this was nickel carbide, although Scheil 
[5] justly observes that this pattern does 
not resemble that of a eutectic and was 
probably already formed in a solid state with 
the disintegration of the supersaturated 
solid solution of carbon in the nickel, 

From the above summary we are forced to 
conclude that inasmuch as nickel carbide 
exists it is probably possible to obtain a 
carbide eutectic in nickel-carbon alloys 
also preventing its decomposition by a very 
rapid cooling of the alloy from a liquid 
state to room temperatures, In connexion with 
this the present study was also undertaken, 

Electrolytic nickel, type HOOO of 99.9% 
purity, was used for this work, For the 
preparation of the crucibles pure graphite 
with 0.1% ash content was used. The crucibles 
had an inside diameter of 10 mm, the thick- 
ness of the sides being 2 mm and the height 
30 mm, To increase the rate of cooling after 
quenching the lower half of the crucibles was 
ground off with an abrasive till the thick- 
ness of the side was about 1 mm, so that the 
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weight of the melting process was 3 g. 


Nickel carbides according to Morrogh and 
X 1200. 


Fig. 1. 
Williams; 


Carbide eutectic and acicular Widmanstat- 
Etched; 


Fig. 2. 
ten component in nickel-carbon alloys; 


X 666. 


The meltings were undertaken in a carbon 
resistance furnace, the combustion space of 
which was insulated from the oxidization 
products of the heater by a porcelain shaft. 
The temperature was measured by an optical 
pyrometer with a disappearing thread, adjusted 
by a platinum thermocouple. The crucible with 
a hanging of pure nickel was placed in the 
furnace at a temperature of 1400° and after 
the melting of the metal was kept at that 
temperature for 3-4 min when it was taken by 
pincers, removed from the furnace as quickly 
as possible and immediately quenched in a 5% 
aqueous solution of caustic soda, vigorously 
revolving the crucible in the cooling medium 

A low superheat temperature (the hardening 
of graphite eutectic in a nickel-carbon sys- 
tem occurs at 1318°) and a short exposure to 
it proved essential inasmuch as previous tests 
showed that a heavy carbon saturation increases 
the tendency of liquid alloys to harden with 
graphite eutectic formation. 


A study of the microstructure of the alloys 
obtained has shown that they can provide a 
metastable eutectic of nickel carbide and 
nickel (a solid solution of carbon in nickel). 
The alloys were of a hypoeutectoid structure, 
The eutectic was found in the interdendritic 
spaces and occupied about 5-10 per cent of 
the microsectional area, Besides the eutectic 
and the primary solid solution a smal] number 
of fairly large graphite impurities, mostly 
globul‘ar, was observed in the structure, In 
unetched microsections the carbide eutectic 
stood out faintly against the background of 
the matrix and had a bluish tint, After 
etching with a solution of bromine in alcohol 
the eutectic component stood out celarly and 
was of a blue colour, the intensity of which 
depended on the degree of etching, In Fig.2 
is shown a microphotograph of the structure 
of the alloys obtained. In it, apart from 
impurities of the carbide eutectic, is seen 
an acicular Widmanstatten component very 
similar to the pattern obtained by Morrogh 
and Williams (Fig. 1). That there was less 
of this component in our alloys is evidently 
connected with the lower temperature and the 
shorter time of superheating and, consequently, 
with the smaller concentration of carbon in 
the solid solution compared with the alloys 
of the authors quoted, 

The eutectic component was extremely finely 
dispersed and despite the use of maximum- 
capacity immersion objectives it was possible 
to observe their complex structure only in a 
few large impurities (Fig. 3). It will be 
seen from a study of Fig. 3 that the shape 
and structure of the impurities of the car- 
bide eutectic obtained are similar to the 
cementite eutectic in white hypoeutectoid 
iron, 

Measurement of the micro-hardness of the 
structural component showed that it averages 
518 kg/mm? for the carbide eutectic and 303 
kg/mm? for the matrix. The matrix was 
probably heavily supersaturated with carbon, 
Sections near the graphite, and from which 
carbon may.partially precipitate. have a 
smaller micro-hardness, equal to 175 kg/mm2, 

An alloy with a carbide eutectic structure 
was subjected to annealing at a temperature 
of 1000° for 1.5 hr, with subsequent quenching. 
The carbide eutectic in this alloy completely 
disintegrated and a fine compact graphite 
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formed in it (Fig. 4). In certain sections 
of the microsection graphite was observed 
whose precipitation repeated the pattern of 
the impurities of carbide eutectic, and 
graphite precipitated at the grain boundary 
of the alloy. All these graphite precipita- 
tions are visible in Fig. 4. 


Fig. 3. Structure of carbide eutectic in nickel- 
carbon alloys; Etched; xX 666. 


Fig. 4. Graphite formed after annealing an alloy 
with carbide eutectic in the structure; Etched; 
X 666. 


The similarity of the structural components, 
obtained by the extremely rapid cooling of 
liquid nickel-carbon alloys, with the cemen- 
tite eutectic in hypoeutectoid iron, its high 
micro-hardness in comparism with the matrix, 
the disintegration of this component with 
graphite formation upon annealing, and also 
the absence in the alloys of any significant 
number of constituents of other elements 


besides nickel and carbon, leave no room for 
doubt that the structure obtained is in fact 
a metastable eutectic of nickel carbide - a 
solid solution of carbm in nickel. 

The acicular Widmanstatten pattern (Fig. 1) 
obtained by Morrogh and Williams [1], and 
also in our present investigation, is also 
observed in cobalt-carbon alloys [1, 2]. 

This structure is probably formed by the 
disintegration of the supersaturated solid 
solution of carbon in the.nickel or the 
cobalt. It is difficult to say whether the 
acicular precipitates forming at the same 
time are carbides, They are possible similar 
to the acicular precipitates formed by the 
disintegration of supercooled austenite at 
the second or third degree, 

Thus we have been able to show in the 
present investigation that a metastable car- 
bide eutectic may also be obtained in nickel- 
carbon alloys. This fact graphically proves 
the close relationship of the properties of 
nickel-carbon alloys to iron and serves as an 
additional argument to justify the use of 
these alloys as models for iro, It is 
evident that the study of ‘‘white” nickel- 
carbon and cobalt-carbon alloys will help to 
widen our knowledge of the graphitization of 
cementite in iro carbide alloys, and of the 
properties of carbides in general, 


Translated by J.M. Gwynn 
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AN INVESTIGATION OF INTERNAL FRICTION 


IN POWDER PRODUCTS* 


B.Ia. PINES and DEN GE SEN 
Khar’ kov State University 
(Received 12 May 1958) 


An investigation was made of the relationship between temperature and 
the logarithmic decrement of torsional oscillations gl in sintered 
specimens of Cu, Ni and Fe powders and Cu-Ni and Cu-Fe powder mixtures. 
The activation energy E° was determined from the frequency shift of the 
internal friction peaks and E~ from the “background” of the curve 
gizg! (T). The relationship between E” and E” and concentration 
was found for specimens of the Cu-Ni and Cu-Fe systems. Fcr specimens 
made from powder mixtures of different metals, three peaks are obtained 
on the ql = gl (T) curves, two of which relate the processes at similar 
grain contacts and one to processes at dissimilar grain contacts. 


1. The study of internal friction in solids, 
which has led to many fruitful results in the 


work of Ke T ing-sui [16], A.S. Nowich [2], 
L, Rotherham and S Pearson [3, 4], W. Késter 
[5], B.N. Finkel’ shteyn [6], V.S Postnikov 
[7] and others has, in general, not yet been 
sufficiently widely applied, especially in 


regard to alloys. At the same time, the 
results of an internal friction investigation 
cannot always be interpreted simply and 
uniquely, 

The investigation of internal friction in 
metallic bodies compacted from powdere of 
different metals is of great interest inasmuch 
as in such bodies it is possible to create a 
given non-homogeneity in composition and 
structure and trace the relation between this 
non-homogeneity and the internal friction 
effects, 

Internal] friction in sintered specimens of 
Cu, Ni and Fe powders is investigated experi- 
mentally in the present paper, as also is 
internal friction in specimens made from 
powder mixtures of the above metals, 

2. The investigation was carried out in a 
vacuum ‘‘relaxator” for torsional oscillations 
of the usual type [8], using specimens 70 mm 
long and 3 x 3 mm in cross-section, with 
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heads of larger cross-section (6 x 3 mm) 10 
mm long. The specimens were produced by 
compacting the powders in a special die. The 
heads of the specimens were secured rigidly 
in stainless steel clamps and the frequency 
of the free oscillations controlled by the 
magnitude of the loads put on the horizontal 
rod suspended from the lower specimen clamp, 
The oscillation frequency was ordinarily 
1.0-2.7 c/s. The oscillations were excited 
by solenoids attracting iron armatures, 

Typical curves of the logarithmic decrement 
of vibration damping Q7! against temperature 
are shown in Fig. 1. This gives two curves 
for a specimen prepared from pure copper 
(compacted from electrolytic powder with a 
linear particle size of under 50 and 
porosity of approximately 26%). Curve 1 was 
obtained with loads which gave an oscillation 
frequency f, = 0.86 c/s; curve 2, for an 
oscillation frequency f, = 1.94 c/s, 

Fig. 2 shows similar curves for specimens 
made from a Cu and Ni powder mixture (75% Ni). 
Here the corresponding frequencies were f, = 
= 0.85 c/s, fo = 2.01 c/s. AS can be seen, 
in all cases there are internal friction 
‘fpeaks” on the curves at some temperature 
and, moreover, a rapid monotonic growth of 
ql is observed with increase of temperature, 
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According to the literature [3], internal 
friction curves of a similar type have been 
observed for cast copper specimens, 


0 100 200 300 400 500 600% 


Fig. 1. Variation with temperature of internal 

frictior of pure copper sintered specimens. gl 
is the logarithmic decrement of torsional oscil- 
lation damping. Specimens instered at 1000° for 
30 min. 1 — Oscillation frequency fy = 0.86 c/s 
(for 20°); 2- oscillation frequency f, = 1.94 

c/s (for 20°). 


3. The activation energies of the processes 
determining the internal friction were obtained 
from measurements of the temperature depen- 
dence of the logarithmic decrement, They were 
obtained by two distinct methods: - 

a) from the shift of the observed internal 
friction peak in relation to the oscillation 
frequency. In this method the activation 
energies E were calculated from the formula 


(1) 


where T, and Ty are the temperatures of the 
maximum of the peaks at oscillation frequen- 
cies fy and fo and R is the gas constant; 

b) from the temperature trend of the smooth 
part of the curve Q7! = Q°1/T) i.e. from the 
so-called ‘‘background” curve, Here it was 
assumed that the smooth part of the curve Q7! 
or ‘background” varies with temperature 
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according to the law c= exp ( 


(where A is a constant).* 
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Fig. 2. Variation with temperature of internal 
friction of specimens sintered from Cu and Ni 

(75% Ni) powder mixtures. Specimens sintered for 
2.5 hr at 1000°. 1 - Oscillation frequency f,= 
= 0.85 c/s; (for 20°); 2 - oscillation frequency 
fo = 2.01 c/s (for 20°). 


For pure Cu and Ni the values of E determined 
from the internal friction peak shift and 
from the ‘‘background” trend were identical], 
viz. Eqy = 34 cal/mole; Ey; = 43 cal/mole., 

The figures quoted relate to specimens 
sintered at 1000° for 5 hr. In general, the 
values of activation energy obtained depend 
on the temperature and duration of sintering 
as is shown by the data given in Fig, 3. For 
pure copper, for example, the activation 
energy (from the ‘background”® and from the 
frequency shift of the maximum) for specimens 
sintered for 30 min at 1000° is only 27 
kcal/mole, The activation energy rises when 
the sintering time is increased. The same 
applies to specimens compacted from nickel 


* This relationship between background and tempera- 
ture was also used when isolating the peak and 
constructing the background curve. 
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powder. It should be noted that although the 
magnitude of the activation energy is not 
very accurately determined in an internal 
friction investigation (the calculated error 
is 7%) the changes in activation energy 
with increased sintering time are fixed suf- 
ficiently reliably as they exceed 20% 


E, kilocal/gram molecule 
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Fig. 3. Relationship between activation energy 
and volumetric concentration of components for 
specimens sintered from Cu-Ni powder mixtures. 
The specimens were sintered at 1000° for: 

1 - 300; 2- 150;; 3 -— 60 and 4 - 27 min. The 
values of EF were determined by the frequency 
dependence of the peak temperature. Sintering 
time of specimens (at 1000°): 

1” - 300, 2” — 150, 3° — 60 and 4’ — 25 min; 

E found from the “background” curve. 


4. Figs. 4a and 4b show the internal friction 
curves for sintered specimens made from mixed 
Cu-Ni powders. The general trend of the 
curves is the same as for the pure metals but 
the number of maxima on the curves is in- 
creased, In addition to the maximum corres- 
ponding to the pure copper and the maximum 
corresponding to the pure nickel, additional, 
third maxima are observed which in our 
opinion should be attributed to internal 
friction effects (diffusion effects) at the 
grain boundaries, primarily appertaining to 


the dissimilar metals Cu and Ni, The maxima 
corresponding to the pure metals are shifted 
to different temperatures in the specimens 
prepared from powder mixtures, which was to 
be expected as there are no pure component 
grains in these specimens, which were sin- 
tered at 1000°, but only solid solution 
grains, 

Assuming that the maxima observed on the 
internal friction curve correspond to grain 
boundary effects, it must be concluded that 
the three maxima on the Q7! = 9-1/7) curves 
are due to processes primarily corresponding 
to Cu-Cu, Ni-Ni and Cu-Ni grain junctions, 

From the data given in the curves of 
Figs. 4a and 4b, the activation energy was 
also determined by the two methods — from the 
‘packground* and from the frequency shift of 
the additional internal friction peak corres- 
ponding to the boundary of the fundamentally 
dissimilar grains of the Cu-Ni system, In 
order that the error in determining the 
magnitude of £ should not here exceed ~ 10%, 
the peak shift was measured only on specimens 
with a high Ni content (25, 50 and 75%). 

Fig. 3 shows the results of the determina- 
tion of F. It appears that the activation 
energy determined from the ‘background’ of 
the Q~! curve depends linearly on the con- 
centration of the powder mixtures, On the 
other hand, the magnitude of the activation 
energy found by the frequency shift of the 
maximum displays a concentration dependence 
in the shape of a convex curve, In plotting 
this curve, it is assumed that as a result 
of the sintering, the concentrations of 
solution directly on the boundary of dissimi- 
lar grains have been able to equalize them- 
selves (i.e. have become the same in both 
grains). This justified drawing a curve 
through points corresponding to pure compo- 
nents, 

The data given show that the ‘‘background” 
effects and the appearances of the maxima 
observed during the internal friction inves- 
tigation are essentially different although 
in the case of pure metals the activation 
energy values coincide for the two effects, 

During an investigation of the diffusion 
creep of specimens made from Cu-Ni powder 
mixtures [9] it was found that the rel ation- 
ship between concentration and activation 
energy of constant creep is also linear, and 
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Fig. + a-b. 


specimens sintered from Cu-Ni powder mixtures. 
Oscillation frequency f = 1.5 ¢/s (for 20°): 
2 — Cu-Ni (Ni ~ 0.5%); 
6 — Cu-Ni (Ni ~ 10%); 
A — peak for Cu-Cu; B - peak for Cu-Ni; 


for 30 min. 
1 — pure copper; 
(Ni~ 3%); 5 — Cu-Ni (Ni ~ 5%); 
8 — Cu-Ni (Ni ~ 50%); 
Ni-Ni. 


that the magnitude of the activation energy 
has approximately the same values as those 
obtained from the internal friction experi- 
ments, This gives grounds for suggesting 
that the background on the Q71/(7) curve is 
determined by creep effects in the neighbour- 
hood of the grain boundaries, On the other 
hand, the peaks, which also represent a 
surface effect, are associated with some 
diffusion process, Possibly they are 
associated with passages of atoms across the 
grain boundaries. 

Fig. 5 gives some data on the maximum tem- 
peratures of “similar” and “‘dissimilar’ peaks 
(corresponding to the contact of dissimilar 
and similar grains) in relation to concen- 
tration. The data relate to specimens 
sintered at 1000° for 30 min, The maximum 
corresponding to the dissimilar grain con- 
tacts is obtained at the highest temperature 
for a 50% mixture, The maximum for “similar” 
contacts (which in the initial state corres- 
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Internal friction plotted against measurement temperature for 


Specimens sintered at 1000° 


3 Cu-Ni (Ni-~1%); 4 Cu-Ni 
7 - Cu-Ni (Ni ~ 25%); 
C — peak for 


ponded to Cu-Cu and Ni-Ni grain boundaries) 
is displaced towards the high temperature 
Side in the case of the powder mixture 
specimens, in comparison with the position 
for the pure component specimens, 

In order to test the suggestion concerning 
the link between the maximum on the Q71(7) 
curve and the processes at the grain boun- 
daries, a comparison was undertaken between 
the height of the maximum corresponding to 
the contact of the ‘‘similar’” Cu-Cu grains 
and the height expected for mixtures of 
various concentrations according to the above 
suggestion, For specimens made from powder 
mixtures, the height of this maximum must 
decrease in proportion to the decrease in the 
area of contact of similar grains, In the 
case of isomeric Cu and Ni powders, the 
contact area S of the Cu-Cu grains must alter 
with concentration according to the law 
S = S) (1 - x”) (where x is the concentration 
of Ni by volume). Fig.6 shows the calculated 
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and experimental relationships of the height 
of the maximum. Within the limits of unavoid- 
able error, due to the scatter in the grain 
sizes of the specimen, both curves coincide, 
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Fig. 5. Peak temperature plotted against component 
concentration: 1 — peak obtained only in specimens 
made from Cu-Ni powder mixture; 2 — peak observed 
also in specimens of pure copper; 3 — peak 
occurring in specimens of pure nickel. 
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Fig. 6. Variation of the height of the maximum 
with concentration of the second component (Cu+Ni 
system): 

1 calculated curve S/So = x’); 2 experi- 
mental curve. 


5. In powder products which are in a state of 
disequilibrium, the values of activation 
energy obtained depend on the duration of the 
high temperature soak, Fig. 7 shows more 
detailed data for specimens subjected to 
sintering of various durations at 1000°. The 
values of activation energy shown here were 
found from the frequency shift of the internal 


friction peak. For specimens made from pure 
Cu and Ni pcwders the values of F correspond 
to the peaks on the “‘similar” contacts, For 


- specimens made from powder mixtures of various 


compositions the activation energies were 
determined from the frequency shift of the 
peak corresponding to ‘‘dissimilar” contacts. 
In spite of a prolonged soak, the growth of 
the values of FE with increased sintering 
duration is not slowed down much, Hence it 
can be expected that a considerable increase 
in the soak period up to tens of hours may 
noticeably increase the values obtained for 


E. 
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Fig. 7. Activation energy plotted against 
duration of sintering at 1000°: 1 - pure copper; 
2 pure nickel; 3 — Cu-Ni(25%Ni); 4 Cu-NI 
(T5%Ni); 5 — Cu-Ni(50%Ni). 
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Fig. 8. Height Has and breadth By, of internal 
friction peak plotted against duration of sinter- 
ing at 1000°: 

1 - height of peak for pure copper; 2 - height of 
peak for solid solutions (Cu-Ni, 50%); 3 — breadth 
of peak for pure copper; 4 — breadth of peak for 
solid solutions (Cu-Ni, 50%). 
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Fig. 8 shows the alteration in the height 
Haas and breadth B,., of the internal friction 
peaks in specimens made from Cu powder and 
from a mixture of Cu and Ni powders (50%) 
subjected to sintering of various durations 
at 1000°. The height and breadth of the 
peaks also change to a notable extent, 
depending on the change of state in the 
specimen as a result of sintering, 

Fig. 9 also gives data on the dependence of 
the magnitude of the activation energy of 
internal friction processes on the volumetric 
concentration of the components for specimens 
made from Cu-Fe powder mixtures, Here also 
the magnitude of F was determined in two ways: 

a) from the frequency shift of the internal 
friction peak (curve 1, fig. 9) and 

b) from the “background” of the Q71(7) 
curve (curve 2, fig. 9). 


E, kilocal/gram molecule 


Cu 20 40 60 80 Fe 
Fig. 9. Activation energy plotted against 
component concentration for specimens made from 
Cu-Fe powder mixtures. Specimens sintered at 
1000° for 30 min. 
1 — values of E found from the frequency shift of 
the internal friction peak; 2 - values of E 
calculated from the background curve. 


In this case also the values of E deter- 
mined from the trend of the ‘‘background® 
depend linearly on the concentration. Curve 
2 on fig. 9 is almost indistinguishable from 
a straight line. The values of £ found from 
the frequency shift of the peak in this 
system also form a convex curve. It should 
be noted that in specimens made of Cu and Fe 


powder mixtures three peaks were observed on 
each = curve (fig. 10). As before, 
it was possible to consider that two peaks 

(A and C) correspond to processes on the 
Cu-Cu and Fe-Fe grain boundaries and the 
third peak (B) to processes on the boundaries 
of dissimilar grains, 

The points on curve 1 Fig. 9 correspond to 
the frequency dependence of the dissimilar 
grain peak, We shall note that in this case 
this peak may correspond to heterodiffusion 
phenomena, although mutual solubility in the 
Cu-Fe system is not very great [10] (about 
5% Cu in Fe and 3% Fe in Cu at 1000°). The 
specimens made from Cu-Fe powder mixtures 
which were investigated in the ‘‘relaxer” were 
sintered at 1000° for 30 min, 
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Fig. 10. Internal friction plotted against 
temperature for a specimen made from a Cu-Fe 
(50%) powder mixture. The specimen was sintered 
at 1000° for 30 min: A — peak for Cu-Cu; 

B peak for Cu-Fe; C - peak for Fe-Fe: 

1 -— experimental curve of internal friction 
2 - calculated ‘“‘background” curve, 
plotted in accordance with the formula: 


CONCLUSIONS 


1. The activation energy, and the height and 
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breadth of the internal friction peaks for 
specimens made from pure metals and Cu-Ni 
powder mixtures depend on the duration of 
sintering of the specimens; the activation 
energy rises with increased duration of soak, 
as does the height of the peaks. 

2. In specimens made from Cu-Ni and Cu-Fe 
powder mixtures, the activation energy deter- 
mined from the ‘‘background’’ depends linearly 
on the volumetric concentration of the mix- 
tures, 

3. The activation energy found from the 
frequency shift of the peak, which corresponds 
to the contact of dissimilar grains, depends 
on the concentration in a non-linear manner, 
forming a convex curve. 

4. Three peaks are observed on each curve 
showing the relationship between temperature 
and logarithmic decrement for specimens made 
from Cu-Ni and Cu-Fe powder mixtures, Two 


of these correspond to the contact of similar 
grains and one to the contact of dissimilar 
grains. 

5. In powder mixtures where the component 
grain sizes are approximately the same, the 


height of the peak which corresponds to the 
contact of similar grains varies approximately 
as the area of grain contact, i.e. according 
to the law (1 - x2), where x is the volumetric 
concentration. 
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SOME FEATURES OF THE RECRYSTALLIZATION OF TRANSFORMER 
STEEL DURING RAPID HEATING 


THE DEPENDENCE OF GRAIN GROWTH RATE AND 


ACTIVATION ENERGY ON HEATING RATE* 


P.D. IZBRANOV, V.A. PAVLOV and N.M. RODIGIN 


Institute of the Physics of Metals USSR Academy of Sciences 
Sverdlovsk State Educational Institute 


(Received 25 January, 1959) 


In previous papers [1, 2] it was suggested 
that the high recrystallization rates occur- 
ring during rapid heating of cold deformed 
metals, in particular transformer steel, could 
be explained by a considerable reduction in 
recovery immediately before recrystallization. 

Such a change in the state of the metal 
before recrystallization must affect the grain 
growth rate and the activation energy of grain 
growth, Rafalovich [3] has done some work in 
this direction, determining the activation 
energy of grain growth during rapid induction 
heating of low-carbon steel, According to 
his data, it was about a third of the activa- 
tion energy of grain growth during slow 
heating, He determined the grain growth rate 
and also the nucleation rate by the technique 
devised by I.L. Mirkin [4]. He did not 
measure the grain growth rate directly as was 
done, for example, in references [5, 6]. 

It is of interest to determine the grain 
growth rate and activation energy for trans- 
former steel during both rapid and slow 
heating and to compare the data obtained with 
the results mentioned above, and this is the 
object of the present paper. 

The material used for the investigation was 
transformer steel with the following compo- 
sition: carbon — 0.08%, silicon — 3.54%, 
manganese — 0.15%, sulphur — 0.018% and 
chromium — 0.10%. 


* Fiz. metal. metalloved. 8, No.4, 607-612, 1959. 


1. Rapid Electric Heating. In order to dis- 
tinguish the new grains which appeared in 
the recrystallization process from the old 
grains of the deformed matrix, a large- 
grained material was selected for the pre- 
paration of the specimens. The material was 
subjected to the following treatment with the 
object of obtaining large grains, Strips of 
raw material 0.5 mm thick were cold rolled 
to 40% shrinkage, after which they were ann 
annealed at a temperature of 1000° for 40 min, 
They were then given a small deformation by 
cold rolling (2-3%) after which they were 
re-annealed at 1000° for 6 hr. As a result 
of this treatment, the mean grain size in the 
specimens was of the order of 2-3 mm To 
reduce the number of recrystallization centres 
during the subsequent rapid annealing, the 
material was lightly cold rolled after re- 
annealing, to 10% elongation. 

The specimens prepared in this manner were 
subjected to rapid electric heating without 
soaking to various temperatures (from 10002 
to 1360°). Cooling took place in air. In 
each annealed specimen, the size of the 10 
largest isolated grains formed in the re- 
crystallization process was measured and 
their mean value calculated (the area of the 
prepared sections was approximately the 
same), In this connexion, the mean deviation 
of the grain size from the mean value in 
individual specimens did not exceed + 10% 
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Temperature of electric heating °C 
Fig. 1. Mean grain size plotted against electric 
heating temperature. 


Logarithm of linear grain size 


Q64 Q68 Q60 

Fig. 2. Logarithm of mean grain size plotted 

against 1/T for electric heating. 


The results of the experiment are presented 
in Fig. 1, which shows the relationship 
between grain size and electric Heating ten- 
perature. As can be seen from the diagram, 
the grain growth rate increases with tempera- 
ture; with a final temperature of 1020° the 
mean size of the largest isolated grains in 
the specimen is of the order of 0.2 mm, and 
with a temperature of 1360° approximately 
0.6 mm. The magnitude of the deviation of 
grain size from the mean value is indicated 
on the diagram by means of the vertical inter- 
cepts, 

The results of the above experiment enable 
the activation energy of the grain growth 


during rapid electric heating to bt determined. 


In fact, if a graph is plotted showing the 
logarithm of mean size against 1/T (where T 


Recrystallization of transformer steel 


is the absolute temperature), the experimental 


points should lie on a straight line, the 
tangent of whose angle of slope is a measure 
of the activation energy of grain growth, 
From the data in Fig. 2, which was construc- 
ted by the method indicated above, the acti- 
vation energy of grain growth is found to be 
equal to 13,500 + 2,500 cal/mole. 
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Fig. 3. Annealing temperature plotted against 
electric heating time. 


To determine the grain growth rate it is 
necessary to know, in addition to the data in 
fig. 1, the time in which this growth took 
place. The relationship between temperature 
and heating time was determined experimentally 
for one particular specimen, This relation- 
ship is shown in fig. 3, from which it can be 
seen that from 700° onwards the rate of tem- 
perature rise becomes practically constant 
and (for this specimen) equal to about 
500°/sec. With some approximation it may be 
considered that all the specimens of the 
above experiment were heated from 1000° to 
higher temperatures at this rate, 

Knowing the heating rate and the temperature 
difference over a particular section of the 
curve in fig.1, the duration of the tempera- 
ture rise over this portion can readily be 
determined, On the assumption that the in- 
cubation period of the measured grains is the 
same in all specimens and the increase in 
mean grain size over a particular section of 
the curve in fig. 1 occurred during the time 
determined by the method indicated above, it 
is possible to determine the grain growth 
rate in this temperature range. The grain 
growth rate calculated by this method varies 
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from 0.2 mm/sec to 0.4 mm/sec in the tempera- 
ture range 1000-1360°. 

The activation energy determined from the 
relationship between the logarithm of grain 
growth rate and 1/T was approximately the 
same as that obtained from the data in fig. 2 

2. Slow Heating. In isothermal annealing 
the grain growth rate is often determined 
from the results of observing the growth of 
individual grains [5]. Anderson and Mehl [6] 
used a statistical method to determine the 
grain growth rate, which involves determining 
the grain growth rate, which involves deter- 
mining the sizes of the largest isolated 
grains in each specimen and thence determining 
the mean value, This method was used by us in 
this experiment. 

The specimens prepared for this experiment 
underwent the same treatment as before. After 
10% deformation they were heated in an 
ordinary resistance furnace to a temperature 
of 870° at a mean rate of 0.2°/sec and then 
annealed in a salt bath at the same tempera- 
ture for 45 min. After this the sizes of the 
20 largest isolated grains were measured and 
the mean value found, Then they were again 
annealed at 870° for 15 min. The sizes of 
the 20 largest isolated grains were again 
measured and the mean value calculated, In 
both cases, the only grains considered were 
those whose mean deviation from their mean 
value did not exceed + 10%. From the values 
found for mean grain size before and after 
the repeat annealing, the grain growth rate 
was determined for the given temperature. In 
the present experiment, a mean grain growth 
rate equal to 6.0 x 1075 mm/sec was obtained, 

Other batches of specimens were annealed in 
a Salt bath at temperatures of 900, 942 and 
975°. The mean grain growth rates at those 
temperatures were, respectively, 10 x 107°; 
19 x 107° and 31 x 107° mm/sec, 

Fig. 4, plotted from these data, expresses 
the relationship between the logarithm of 
the grain growth rate and 1/T. The activation 
energy, calculated from the tangent of the 
angle of slope of the straight line of the 
diagram, is approximately equal to 44,000 cal/ 
mole. Allowing for the maximum error, which 
in this case is + 25%, the minimum value of 
the activation energy of grain growth during 
slow heating is 33,000 cal/mole. This is 
over twice the maximum value of the activa- 


tion energy of grain growth during rapid heating. 

The grain growth rates were determined in 
the temperature ranges 1020-1360° for rapid 
electric heating and 870-975° for slow 
heating. 


rate 


growth 


Logarithm of grain 
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Fig. 4. Relationship between the logarithm of 
grain growth rate and 1/7 during slow heating. 
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Fig. 5. Variation with temperature of ratio of 
grain growth rates during rapid electric heating 
and slow heating. 


TABLE 1 


Grain growth rate, mm/sec. 


during rapid during slow 
heating Urepiq | heating Usiog 


0.11 10 x 1075 
0. 16 44 x 1075 
0. 21 155 x 1075 
0.27 474 x 10°75 
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On the assumption that the activation 
energies of grain growth during rapid and 
slow heating do not alter in the 900-1200° 
temperature range, it is possible to deter- 
mine the grain growth rates in this range by 
extrapolating the straight lines which re- 
present the logarithm of the grain growth 
rate plotted against 1/T. The results of 
these calculations are given in the table, 

The ratio of the grain growth rates decrea- 
ses with increase of temperature, as is 
shown in Fig, 5. 


DISCUSSION OF THE RESULTS OBTAINED 


In the 900-1200° temperature range, the 
grain growth rate during rapid electric 
heating is 100-1000 times greater than the 
grain growth rate during slow heating, The 
ratio of these rates diminishes with increase 
of temperature. 

The activation energy of the grain growth 
process during rapid heating is approximately 
one-third of the corresponding value slow 
heating. This result, obtained for trans- 
former steel, is of the same magnitude as the 
results of reference [3] for low-carbon steel. 
It should be noted that the technique used by 
us to determine the grain growth rate was 
different from that used in reference [3]. 

The following considerations may be used to 
explain the results obtained. 

1) During rapid heating, material with 
increased free energy will be passing into 
the high temperature zone; consequently a 
reduction in the activation energy of the 
recrystallization process is possible. During 
slow heating, on the other hand, recovery 
processes are occurring during the period 
between the commencement of heating and the 
attainment of the recrystallization tenmpera- 
ture of the materia] and as a result of these 
processes a proportion of the most unstable 
distortions of the crystalline lattice is 
removed. 

3) As has been previously pointed out [1], 
redistribution of the alloying elements can 
affect the grain growth rate, In fact, during 
slow heating the alloying elements may accumu- 
late on the boundaries of the nuclei and 
hinder their growth. During rapid heating, 
on the other hand, it is possible that the 


alloying elements do not have time to diffuse 
to the boundaries of the nuclei, which would 
favour their growth, 

3) On a ‘micro” scale, transformer steel, 
like all steels, is a heterogeneous substance 
not only in composition and crystal lattice 
structure but also in thermal and electrical 
conductivity. Due to this heterogeneousness, 
heating of the various microsections by am 
electric current may be non-uniform, During 
slow heating there is time for temperature 
equalization to occur, while during rapid 
heating various temperature gradients may 
arise, depending on the heating rate, The 
greater the heating rate, naturally, the 
greater will be the non-uniformity of the 
heating, and this can play a part in the 
nucleation and growth of the grains, 

Of the above three considerations, the 
third is the least likely and for the fol- 
lowing reason, At the heating rates used in 
this paper, an increased recrystallization 
rate was observed not only with rapid elec- 
tric heating but also when thin specimens of 
cold-deformed metals were heated in a salt 
bath, when the soak time is a fraction of a 
second. Thus, for example, in reference [2] 
it was established that specimens of cold- 
deformed transformer steel 0, 11 mm thick 
(95% shrinkage) recrystallize completely at 
a temperature of 72° in less than one 
second, In the same paper it was shown that 
the rate of electric heating was of the order 
of 1000°/sec and the corresponding current 
densities had no noticeable effect on the 
mechanism of new grain formation from the 
point of view of orientation relationships, 
Regardless of the method of heating (electric 
current or salt bath), the recrystallization 
centres with the greatest probabilities of 
forming nuclei are those whose orientation 
coincides with that of the portions of the 
deformed crystal. 

A more probable governing factor affecting 
the recrystallization rate is the condition 
of the metal at high temperatures, 

From this point of view the work of Masing 
and his co-workers [7] is of interest, In 
this the relationship between recovery acti- 
vation energy and toughening has been estab- 
lished experimentally, According to their 
results, when the toughness is approximately 
tripled, the activation energy of recovery 
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is almost halved. 

In view of the above, it appears desirable 
to investigate in subsequent work the effect 
of preliminary recovery before recrystal- 
lization on the magnitude of the grain growth 
activation energy during rapid electric 
heating. 


CONCLUSIONS 


1. A investigation was made of the rel ation- 
ship between temperature and grain growth 
rate in the process of the first stage of 
recrystallization of cold-deformed trans- 
former steel using both rapid and slow heat- 
ing. 

In the 900-1200° temperature range the 
grain growth rate with rapid heating was 
100-1000 times greater than with slow heating. 
The ratio of these rates decreases with 
increased temperature. 

2. The activation energy of grain growth with 


rapid electric heating is approximately one- 
third of that with slow heating. 


Translated by R. Hegarty 
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SMALL FLOW AND AFTER-EFFECT DEFORMATIONS OF SPRING 
PHOSPHOR BRONZE Br. OFE.5-0. 15* 
8.0. Tsobkallo 


Leningrad Polytechnic Institute named after M.I. Kalinin 
(Received 6 August 1958) 


Using new and accurate methods, a study was made of the direct and reverse 
elastic after-effect in bending, and also of the elastic limit of Br. OF6.5-0. 15 


at normal temperature. 


The elastic limit was determined allowing for the time 


of action of the stress from curves which it is proposed to term elastic limit 


curves. 


a phenomenon termed proportional flow. 


An analysis of these curves in the paper leads to the establishment of 
In comparison with an annealéd specimen, 


an increase in elastic limit and a decrease in the direct elastic after-effect 
accompanied by increased reversibility were established for a cold-worked alloy 


with over 32% deformation. 


The paper gives an analysis of the physical nature 


of the phenomena established in connexion with structural changes in the alloy 


during cold-working. 
1. STATEMENT OF THE PROBLEM 


The physical property of the elasticity of 
metals, which is the basic one for spring 
materials, is defined by two mechanical 
characteristics: the modulus and the elastic 
limit. The latter, as has been shown in 
previous papers by the writer [1,2] depends 
on the time of action of the force and is 
determined by the phenomenon of after-effect 
elasticity. This phenomenon is also very 
important for the evaluation of the mechanical 
properties of spring materials used for the 
manufacture of spring elements in instrument 
construction [20]. It is important to study 
the elastic after-effect [4-6,21] in materials 
at the large stresses used in practice (of 
the order of tens of kg/mm2), A new and 
effective method recently devised [I, 11) has 
made it possible to state the problem [2] of 
a broad, systematic comparative study of the 
effect of various physica] and technological 
factors on the imperfect elasticity. In this 
plan, the present paper is a link in a cycle 
of investigations devoted to materials [2, 3, 
15-18] in a cold-worked state, 


* Fiz. metal. metalloved. 8, No.4, 613-621, 1959. 


2. MATERIAL AND TECHNIQUE OF THE INVESTIGATION 


The work was carried out using spring 
phosphor bronze of the & 6.5 P0.15 type with 
the following composition: Sn 6.52% P 0. 18% 
Cu 93.22%. The material was used in the form 
of a flexible ribbon 0,2 mm thick rolled with 
three different degrees of deformation €, 
32-35; 49 and 60%. The time between cold- 
working and the investigation was about one 
month, 

Study of the elastic after-effect and 
elastic limit was done in bending [1, 2, 11] 
which gives the best correspondence with the 
conditions of work of sheet spring material, 
The specimens were of an extremely simple 
shape, being rectangular strips 20 x 110 mm 
in size. The quantity £/1 - w * (where E is 
the modulus and yz Poisson’s ratio) which is 
needed for the calculation of the stresses in 
the specimen was computed on the basis of 
measurements of £ by a new infrasonic method 
[7-9]. £ was found to be equal to 1.13 x 104 
kg/mm? and remains practically the same for 
all the cold-workings shown with an accuracy 
of up to %. yw was taken as 0.36. 

In this manner, the required value of 
p?=1,30- 10 kg/mm? 
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3. THE RELATIONSHIP BETWEEN THE ELASTIC 
LIMIT AND COLD-WORKING 


A new treatment of the elastic limit as a 
relaxation characteristic depending on the 
time of action of the force on the substance 
leads [1] to the necessity of testing a 
series of identical specimens which are given 
different stresses for a predetermined time 
(10 min). The values of residual deformation 
during this time A€ 10 are plotted as a 
function of the stresses o acting on the 
specimen, As a result, a curve is obtained 
which in what follows will be termed the 
elastic limit curve (Fig.1). By setting off 
along the ordinate the required allowance for 
residual deformation (for example, 0.001; 
0.003; 0.005% etc.) it is possible to read 
off on the abscissa the corresponding values 
of the elastic limits, 


20 30 40 
0, Kg/mm” 


Fig. 1. Curve of elastic limits of bronze Sn 6.5 
PO.15 cold-worked with 49% deformation. 


In order to study the effects of cold-working 
on the elastic limits, curves were plotted 
for three degrees of plastic deformation and 


for completely annealed material (Fig.2). On 
the basis of these data, values were obtained 
for the conventional (according to the univer- 
sally accepted assumptions) elastic limits 
(Table 1) and their change in relation to 
cold-working was shown (Fig. 3). 

% 


6 


50 
oO 


Fig. 2. Alternation of elastic limit curves of & 


6.5 PO.15 bronze with cold-working. Degree of defor- 


mation: 1 — 32-35%; 2 - 49%; 3 — 60%. The dotted 
curve corresponds to fully annealed material. 


Kg/mm? 
40 
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Fig. 3. Increase in conventional elastic limits 
of Sn 6.5 PO.15 bronze (in accordance with 
three tolerances for residual deformation) 
during cold-working: 


901) 2-% 3-27 0. 005° 


TABLE 1 


State of material 


Elastic limits kg/mm 


0.001 0.003 | 0. 005 


Annealed at 650° 
Deformation 32-35% 
Deformation 49% 
Defcrmation 60% 


13.0 
28.5 
34.0 
36.5 


11.5 
26.0 
30.5 
33.0 


9.5 
21.5 
25.5 
27.0 
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limit and the lower its elastic after-effect. 
For the best quantitative description of 
the after-effect process it is appropriate to 
The process of direct and reverse elastic introduce the following numerical character- 
after-effect is represented in the form of a istics: 1) the magnitude of the deformation 
family of curves of after-effect deformation of the direct elastic after-effect during 10 
Ae€ against time (Figs. 4 and 5); the para- min A2X1o(%); 2) the difference between 
meter of these curves is stress. These the magnitudes of the direct elastic after- 
stresses were selected so that they were close effect for 2 hr and for 10 min m= A FE so— 
to the corresponding values of the elastic - AZXi(%) 3) the ratio of the deformation 
limits, In this way a fuller characteristic of the direct after-effect during 2 hours to 
of the imperfect elasticity properties is the deformation during 10 minutes 
obtained for the material. Obviously, the k= ALXi99/ AZ; 4) the reverse after- 


better the material, the higher its elastic 


4. DEPENDENCE OF THE ELASTIC AFTER-EFFECT 
ON COLD-WORKING 


AE 10 
SE 12 
10 / 
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6 
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7 
Y 
60 120 160 min. A) 62 120 7574) min. 
Fig. 4. Curves of direct and reverse elastic Fig. 5. Curves of direct and reverse elastic 


after-effect of G& 6.5 P 0.15 bronze cold-worked 


after-effect of Sn 6.5 P 0.15 bronze cold-worked 
to a 32-35% degree of deformation at the stresses: to a 60% degree of deformation at the stresses: 


1 - 32 kg/mm?; 2 - 26.3 kg/mm; 3 24.3 ke/mm?; 1 41.8 kg/mm2; 2 39 kg/mm?; 3 32 kg/mm’; 
4 - 21.7 ke/mm2; 5 - 11.5 ke/mm?. 4 27 kg/mm. 


TABLE 2 


De formation 

1% kg/mm? 10,~°%| mx 10, k 10-3 % a, % 
working, % 

32—35 11.5 0.20 0.05 1 25 0.19 50.0 

32—5 21.7 1.19 6.30 Ligr 0.20 14.0 

32—35 24.3 2.05 0.40 1.20 0.21 8.5 

32—35 26.3 0.45 0.22 6.0 

32—-25 32.0 8.55 0.60 1,07 0.30 

49 21.6 0.40 OF 1.44 0.15 22.0 

49 26.6 1.45 0535 1.24 0.22 12.0 

49 32.0 3.70 0.50 » 1.14 0.27 6.5 

49 37.6 7.60 0.70 1.09 0.30 a.5 

49 39.5 10.33 0.80 1.08 0,32 3.0 

60 27.0 1.02 0.20 1.20 0.20 16.0 

60 32.0 2.65 0.60 1.16 0.28 9.0 

60 39.0 6.95 0.72 1.10 0.35 4.5 

60 41.8 9.42 0.85 1,09 0.37 3.5 
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Fig. 6. Process of direct and reverse elastic after- 

effect over a prolonged period in & 6.5 P 0.15 bronze 

cold-worked to a 60% degree of deformation. Stress 
37.2 kg/mm, 


effect during 1 hr AS rev 60 (%); 5) the 
reversibility of the after-effect process 
=A 43,120. The values of these 
quantities, which in what follows will be 
termed the criteria of the elastic after- 
effect, are given in Table 2. 

In addition to the main experiments, in 
which the direct after-effect was studied for 
2 hr and the reverse after-effect for 1 hr, 
experiments of greater duration were carried 
out for several hundred hr (Fig.6). From 
these data it was seen that the flow process 
under normal temperature conditions at a 


stress near the elastic limit To 005 does 
not cease even after this prolonged time, 
continuing to the end of the experiment at 
the low rate of 4 x 10764/hr, 


10 
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Fig. 7. Effect of cold-working on the process of 
direct and reverse elastic after-effect. Stress 
32 kg/mm? for all curves. Degree of deformation: 
1 32-35%; 2- 49%; 3 60%. 


The effect of cold-working on the process 
of direct and reverse elastic after-effect is 
shown best of all in the experiments using 
the same stress (Fig.7). 


5. DISCUSSION OF RESULTS 


All the processes examined in the present 
paper are governed by flow of the polycrystal 
at normal] temperature and small stresses, 
Analysis of this phenomenon is possible with 
the help of the elastic limit curves (see 
Figs. 1 and 2). In effect there are two 
portions on these curves: the initial, 
linear, and the steeper, curvilinear. The 
existence of the linear portion is confirmed 
by calculating the linear correlation coef- 
ficient, which has a value not less than 0.8. 
This value can be considered sufficiently 
large, in view of the considerable scatter 
of the numerical characteristics which is 
inherent in the elastic after-effect. 

The presence of a linear portion on the 
elastic limit curve gives grounds for sug- 
gesting the existence of a special mechanism 
for the onset of small deformations of the 
polycrystal, The peculiarities of this 
mechanism are that the flow deformation in 
unit time (or, which amounts to the same 
thing, the flow rate) is proportional to the 
stress. The length and slope of the linear 
portion varies depending on the state (cold- 
working) of the material. In what follows 
this phenomenon will be termed proportional 
flow. 

The writer also observed proportional flow 
when investigating a large number of materi- 
als — aluminium bronze [15], brass [18], 
dispersion hardening alloys [19] (beryllium 
bronze and others), steels of various types 
in the hardened and tempered conditions, and 
also in technically pure metals, It is 
appropriate to remark that the presence of 
proportional flow causes a linear distribu- 
tion of stresses along the height of the bent 
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specimen, in spite of the fact that plastic 
deformation is taking place, 

2. The appearance of a linear portion on 
the elastic limit curves makes it possible to 
introduce a new material characteristic defi- 
ning the boundary of the linear portion with 
respect to stress. This quantity is a unique 
elastic limit, fixed, not by an arbitrary 
deformation tolerance, but on the basis of 
the physical characteristic of the flow 
process. 

We shall agree to call this quantity the 
proportional limit of elasticity and denote 
it by T pb (proportional boundary). In order 
to exclude arbitrariness in finding the 
boundary of the transition of the linear 
portion into the curvilinear, we shall agree 
to regard this boundary as the point where 
the tangent of the angle of slope of the 
tangent is 25% larger than for the angle of 
slope of the linear portion, The values of 
o nb determined in this manner are shown in 
Table 1, 

The existence of the linear portion of the 
elastic limit curve down to extremely low 
stresses (see Fig. 1) and the passage of the 
end of this portion through the origin gives 
grounds for considering the absolute elastic 
limit as being equal to zero, However, strict 
experimental proof of this conclusion is 
limited by the inaccuracy of measurement of 
the residual] deformations and is obviously 
impossible. Moreover, modern ideas concerning 
the great mobility of atoms in the neighbour- 
hood of defects in real crystals and possible 
energy fluctuations in different parts of the 
lattice give grounds for considering that a 
temperature other than absolute zero a 
theoretical elastic limit does not exist. 

In the present paper, the employment of 
merely arbitrary elastic limits is based on a 
tolerance for the residual deformations 
caused by a force acting during a definite 
time. From this point of view, difficulties 
arise when using elastic limits given [36] 
without particulars of the deformation toler- 
ance applied when they were determined. 

3. A characteristic feature of proportional 
flow is its comparatively rapid attenuation 
(Fig. 4 curve 5). However, when the stress is 
increased above o.,, a significant momentary 
deformation appears on the flow curves, and 

this later changes into a slow flow (see 
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Fig.6). Hence o is the stress at which 
there is a ‘‘disruption” of proportional flow. 
The proportional] flow process is governed 

by elementary slips occurring in individual, 
highly stressed places in the polycrystal. A 
measurable quantity of deformation is composed 
of these slips, and is fixed by their number 
and the width of their propagation path, From 
this point of view it becomes possible to 
explain the decrease in the gradient of the 
linear portion with cold-working, which 
increases the number of slip locations. 
Therefore the tension decreases and there is 
a corresponding decrease in slip mobility. 

The decrease in the gradient is also facili- 
tated by possible decrease in the propagation 
path with increased cold-working, 

To explain the physical nature of propor- 
tional flow it is appropriate to introduce 
the ideas developed by Cottrell [25] concer- 
ning the segregation of solute atoms by dis- 
torted parts of the lattice, which had been 
stated as early as 1933 by Konobeyevskiy and 
Selisskiy [24]. The formation of such an 
‘‘atmosphere” of atoms around the dislocation 
hinders its movement. As was shown [26], the 
speed of movement of this complex dislocation 
is small and proportional to the applied 
stress. Cottrell explained by this mechanism 
the phenomenon of microcreep observed by 
Chalmers [27] in monocrystals of tin at small 
stresses of the order of 0.1 kg/mm2, 

In spite of the external similarity of the 
phenomena of proportional flow and micro- 
creep, the following principal differences 
hetween them should be pointed out: 

1) proportional flow is observed on a poly- 
crystal and microcreep on a monocrystal; 

2) proportional flow occurs at stresses 
approximately 100 times greater than micro- 
creep; 3) as a result of proportional flow, 
residual stresses arise which cause reverse 
elastic after-effect, whereas there is none 
with microcreep; 4) proportional flow is 
more clearly defined on severely cold-worked 
materials, but microcreep was observed only 
on annealed materials, 

4. Proportional flow with its disruption at 
op» is essentially the transition mechanism 
of the material to greater plastic deforma- 
tions, In this connexion the quantity nb 


acquires the meaning of the physical yield 
point. 


However, the area of yield in many 
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cases cannot be clearly observed during 
ordinary tensile tests, It will be apparent 
only during an especially sharp breakdown of 
the proportional flow process, Support is 
lent to this view by the manifestation of a 
greater area of yield [34] in phosphor bronze 
when the material is heated to 100° after 
cold-working, Furthermore it has been shown 
[15-19] in a number of alloys (including 
phosphor bronze [16]) that low temperature 
annealing after cold-working leads to an 
increase in o,,. Hence the presence of a 
visible area of yield indicates that the 
difference in materials is quantitative rather 
than fundamental [23]. 

5. Considering the universality of the 
proportional flow phenomenon and also its 
existence up to comparatively high stresses, 
of the order of tens of kg/mm? (see Fig. 2), 
this phenomenon must be regarded as of direct 
practical interest. The linear portion on 
the elastic limit curve gives a fundamental 
limitation of the relative minimum error 
caused by imperfect elasticity of the material. 
Therefore the specification of stresses below 


o pb in the operation of spring elements is 
meaningless. 

The concepts of the segregation of solute 
atoms around dislocations are very promising 
for the creation of a new kind of heat treat- 
ment ~ the annealing of alloys after cold- 
working with the object of improving the in- 


perfect elasticity characteristics, It is 
important to note that an improving annealing 
of this kind, formally compatible with the 
structure, can be carried out even on single- 
phase alloys and need not necessarily be 
accompanied by the segregation of new phases, 
In a heat treatment of this type there may be 
little or no change in the mechanical charac- 
teristics usually defined in industry (break- 
ing point, elongation, hardness), as has been 
shown by Sachs [29] and later by Rovenskiy 
[35] and the writer [10,12]. However, due to 
the atom localization of the process, as has 
been shown [2,3,16], the practically important 
characteristics of resistance to small plastic 
deformations (elastic limit and o,) and 
imperfect elasticity (elastic after-effect and 
also vibration damping) may change many times, 
The mechanism of proportional flow will 
appear in the majority of cases when the 
plastic deformations are commensurate with the 


elastic deformations possible in- the given 
solid. For this reason the mechanism must 
occur during stress relaxation, during 
recovery, and also when residual stresses of 
the first order are removed, 

6. An examination of the after-effect 
process (see Table 2, Figs.4-7) shows that 
this phenomenon is more sensitive to cold- 
working than is the elastic limit. In fact, 
while the elastic limit rose by 25% when the 
deformation was altered from 32-35% to 60%, 
the elastic after-effect, according to the 
criterion Ad a9 (for various values of a) 
decreased over 300%. At the same time the 
reversibility of the process @ increased con- 
siderably. However, the absolute magnitude 
of the reverse elastic after-effect (criterion 
BD pay go for various values of a) was 
practically unaltered. These data indicate 
that with such severe cold-working there is 
little alteration in the magnitude of the 
slip accompanying residual stress relaxation 
in individual places during the reverse 
after-effect. This agrees [14] with the 
observation of the “‘saturation’’ of the process 
of crushing crystallites into blocks during 
plastic deformation. However, with increase 
of stress the absolute value of the reverse 
elastic after-effect rises continuously, 

The reduction in direct elastic after- 
effect with increased cold-working mentioned 
above conflicts with the results of Davidenkov 
[21], Belyaev [30], Rovenskiy and Lyuttsau 
[31] where the opposite effect was observed - 
increased elastic after-effect and reduced 
relaxation stability with increased cold- 
working, This discrepancy is explained by the 
fact that these writers were dealing with 
cold-working. This discrepancy is explained 
by the fact that these writers were dealing 
with cold-working deformations smaller than 
those in the present paper; moreover in 
Davidenkov’s work [21] the experiments were 
carried out at high temperatures and the 
method used did not take account of the defor- 
mations due to the after-effect in the first 
5 min after the load was applied In this 
connexion it was shown in a paper by the 
present writer that the elastic after-effect 
and the elastic limit do not increase mono- 
tonically with cold-working. 

7. The direct elastic after-effect (the flow 
rises with increased stress (see Figs.4 and 5). 
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There is also a continuous rise in both the 
deformation rate (criterion m) and the defor- 
mation occurring shortly after the load 
application (A 2,5). However its rise pre- 
dominates over a further increase in defor- 
mation in the flow process. For this reason 
the criterion k falls continuously, Its 
values show that most of the deformation 
occurs in the first 10 min after loading, 
This circumstance is an argument in favour of 
selecting a 10 min soak when taking the 
elastic limit curve (see Figs. 1 and 2). 

Prolonged experiments (see Fig.6) have 
shown the duration of the flow process; 
however, even in this case the direct after- 
effect deformation during the first 2 hr is 
over 2/3 of the deformation during 17 days 
and the reverse after-effect reaches in 1 hr 
half the amount observed in 3.5 days. Thus 
the comparatively short 3 hr experiments 
described above constitute a basis for a 
description of the after-effect processes, 
However, this circumstance does not diminish 
the importance of further study of the flow 
phenomenon for a prolonged period at normal 
temperature of a number of high-mel ting 
metals and their alloys. 

8. The flow phenomenon investigated in this 
paper should be compared with the phenomenon 
studied by Zhurkov [32,33] and his co-workers 
concerning the relation between the strength 
of solids and the time of action of the load. 
It is natural to suppose that the flow of the 
material governs the process of its gradual 
destruction, From this point of view, all the 
factors (plastic and heat treatment) which 
decrease flow and increase the proportional 
flow region must increase the strength of 
materials against long term attack and make 
the strength less sensitive to the time of 
action of the force. There is a need to 
devise experiments to check this hypothesis. 

9. It should be pointed out that it became 
possible to obtain the new results of the 
present paper thanks to the high accuracy with 
which the residual deformations were measured, 
Flow deformation was measured with an absolute 
error AL = 5 x 1076% which is 100 times more 
accurate than measurements on Martens’ 
apparatus in tension testing and twice as 
accurate as the deformation measurements in 
Chalmers’ well-known paper [27] in which an 
interferometer was used as a tensometer, 


6. CONCLUSIONS 


1. In & 6.5 P 0.15 phosphor bronze at normal 
temperature, flow (direct elastic after- 
effect) was established at stresses at an 
order below the minimum conventional elastic 
limit. 
2. To determine conventional elastic limits 
it is necessary to plot special curves termed 
elastic limit curves, obtained in a series of 
experiments in which various stresses are 
applied for equal periods, 
3. It is advisable to select a loading time 
not greater than 10 min when taking the 
elastic limit curves, as most of the flow 
deformation occurs during this period. 
4. It was established that the flow rate is 
proportional to the stress when the stresses 
are not too large. This phenomenon is termed 
proportional flow, 
5. The boundary of the proportional flow 
stress range, termed the proportional elastic 
limit oO,» is a characteristic whose defor- 
mation tolerance is not expressed as an 
arbitrary value, but has a physical basis. 
The value g¢ , Should be regarded as the 
physical yield point, even in a case where 
the yield area is not observed on the stress 
diagram, 
6. The proportional elastic limit is of 
practical significance when selecting the 
maximum permissible stress below which the 
amount of the relative elastic after-effect 
(the relative error caused by the after- 
effect) does not diminish during the opera- 
tion of the elastic element. 
7. After a considerable degree of cold-working 
the elastic limit of the material increases, 
but the direct elastic after-effect decreases 
while its reversibility rises, The elastic 
after-effect is extremely sensitive to the 
structure of a material and can alter many 
times within the confines of a single materi- 
al, 
8. It is feasible to use the proposed quan- 
titative criteria of the process to describe 
the elastic after-effect. 
9. The high accuracy of the fixed deformation 
method used to measure the elastic limit and 
elastic after-effect of sheet spring materi- 
als is associated with the possibility of 
obtaining data of direct practical interest, 
Translated by R. Hegarty 
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HARDNESS AND BRITTLENESS OF METAL-LIKE COMPOUNDS* 
G.V. SAMSONOV, V.S. NESHPOR AND L.M. KHRENOVA 
Institute of Powder Metallurgy and Special Alloys USSR Academy of Sciences 
(Received 1 November 1958) 


The high hardness of metal-like compounds — carbides, nitrides, borides and 
silicides of the transition metals of groups IV-VIII of the periodic system — 
is one of the most characteristic properties of these substances. In view of 
the brittleness of the compounds in question, the only feasible method of 
investigating their hardness is the microhardness method. Values previously 
obtained for the microhardness of metal-like compounds were given in references 


(i, 


The present paper describes an investigation of the effect of the load on the 
diamond pyramid, on the value of the microhardness numbers of the above compounds 


as measured with the PMT-3 instrument [3]. 


The brittleness of the specimens 


was also estimated from the nature of the surface impression left by the pyra- 


mid. 


1. MEASUREMENT OF MICROHARDNESS 


Specimens of the carbides of titanium, 
zirconium, vanadium, tantulum, chromium, mly- 
bdenum and tungsten, the nitrides of titanium 
and zirconium, the borides of titanium, 
zirconium, niobium, tantalum, chromium, molyb- 
denum, tungsten, calcium, barium, lanthanum 
and cerium and the silicides of titaniun, 
zirconium, niobium, tantalum, chromium, molyb- 
denum, tungsten, iron, cobalt and nickel, 
consisting of a single phase, were prepared 
by sintering hot compressed powders of these 
compounds followed by prolonged high tempera- 
ture annealing to remove internal stresses. 
The polished sections prepared from these 
specimens were etched to reveal the grain 
boundaries and to remove the surface layer 
which was cold worked during polishing. Micro- 
hardness was investigated on a PMT-3 instru- 
ment adjusted as recommended by Khrushchev and 
Berkovich [3]. Loads from 20 to 200g were used 
when obtaining the impressions and 10 indenta- 
tions were made at each load. The experiments 
showed that the microhardness number depends 


* Fiz. metal. metalloved. 8, NO.4, 622-630, 1959. 


on the load used and that this dependence is 
found to exist above the limits of accuracy 
of the measurements. 

The dependence of the microhardness number 
on the load was first established with cer- 
tainty by Bochvar and Zhadayeva [4] for com- 
paratively soft materials — copper, zinc and 
Armco iron, The relationship between micro- 
hardness and load was established for other 
metallic and non-metallic materials quoted in 
references [5-7]. Gogoberidze and Kopatskiy 
[8] point out that the relationship between 
the microhardness number and the load must 
evidently be of a universal kind, as the 
instrument for measuring microhardness, even 
after being specially adjusted so as to 
indicate microhardness numbers for a given 
material independent of the load, still 
indicates this dependence when harder materi- 
als are investigated. On the other hand, the 
independence of microhardness number of the 
load applied is asserted in references [9-10]. 

The microhardness investigations described 
in the present paper, carried out on very 
hard materials, in all cases confirm the 
existence of a fully defined relationship 
between the microhardness numbers and the 
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Fig. 1. Variation with load of microhardness numbers of carbides 
and nitrides of transition metals. 
1-VC 2-TiC 3-Zre 4- 5- WC, MooC 6-—TaC 7-—TiN 8—ZrN 


comparatively soft and very hard substances, 


In the general 


load applied. See Figs. 1-4). 


case, when the load on the diamond pyramid of The existence of such a relationship can 
the instrument is increased, the microhardness evidently be explained by the following con- 
number increases at first and then decreases, siderations. The size of the impression 
reaching a practically constant value at measured after the load has been removed is 
loads of 60-200 g. A similar relationship determined both by the magnitude of the 

was established by Bochvar and Zhadayeva [4] plastic deformation under the action of the 
for copper, zinc and aluminium, Thus this load applied through the diamond pyramid of 
relationship is of the same kind for both the instrument and by the elastic after-effect 
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Fig. 2. Variation with load of microhardness numbers of borides 
of transition metals. 

TIB>; 2-NbBo; 3- TaBo; 4 - ZrBo; 5 Mo.Bs; 6 WoBs; 

7 CrBo. 
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. 8. Variation with load of microhardness numbers of 


hexaborides of alkali and rare earth metals. 


1- CaBg; 2 BaB; 


of the material after load removal. 
is proportional to the elastic part of the 
surface deformation. Taking the elastic de- 
formation, as usual, as directly proportional 
to the stress and, consequently, to the 
applied load, and the plastic deformation as 
proportional to the square of the stress (see, 
for example, [11]), and, consequently, to the 
square of the load, we obtain that the size 
of the impression 


s=AP*—BP+C, (1) 


where P is the load; and A, B and C are con- 
stants depending on the physical characteris- 
tics of the material. Then we obtain the 
following expression for the microhardness 


3 - LaBeg; 


The latter 


4 CeBg. 


number 


P P 
The graph of function (2) 12 corresponds 
fairly well with the experimental graphs in 
Figs.1-4, It should be noted that in many 
cases in Fig. 1-4 the rising part of the graph 
for the function H, = f(P) is not realised, 
Smaller loads are required to reveal it, and 
these are difficult to arrange in view of the 
high hardness of the materials investigated 
and the practical impossibility of measuring 
impressions obtained at loads less than 20 g. 
It follows from the above that when making 
comparative measurements of the microhardness 
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of various materials the microhardness numbers 
should be determined at various loads and 
compared in the region where the variation of 
H, with load is of no practical importance, 

In this connexion the following sets of 
microhardness numbers may be quoted for the 
compounds investigated (for a load of 120 g). 
1. Carbides: 


5. Silicides: 


H,ke/mm? 1430 1200 1100 1030 950 
Phase Creal 
NbSi, NiSi, 
H,ke/mm2 900 800 


Phase TiC, VC ZC (CrgCy We,MooC TaC Thus the hardness of metalline compounds in 
Hy 2600 2400 2160 1800 1630 general increases in the order; silicide, 
nitride, carbide, boride. This is in agree- 
2. Nitrides: ment with the crystalline structure and 
Phase TiN ZrN strength of the interatomic bond in these 
2100 compounds [2]. 
n 
3. Borides MeBo (MeoBs): 
2. BRITTLENESS OF METAL-LIKE COMPOUNDS 
H, 3400 2950 2900 2500 2150 At an earlier date we made an attempt at 
Phase T BB, 2B, estimating the brittleness of some metal-like 
H 2000 1500 compounds from the packing rate of powders of 
m these compounds during compacting [13], 
inasmuch as the main type of deformation of 
4. Borides MeB;: 
6 the powder particles during packing is brittle 
Phase CaBe BaBg CeBg disintegration of irregularities on the sur- 
Hp 3150 2900 2500 2350 face of the particles and also of the partic- 
0 1 2 3 4 5 
Fig. 5. Nature of impressions for estimating destruction mark. 
§ 30 
> 
10 —— — 7 
9 
«a 
30 50 70 90 110 130 
Load, grams 
Fig. 6. Variation with load of the total destruction mark of 
borides. 
1- CeBg; 2-BaBg; 3- LaBg; CaBg; 5 MooBs; 6 TaBo; 
7- CrBo; WoBs; 9- TiBo; 10-NbBo; 11 ZrBo. 
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les themselves. It was shown [14] that the 
degree of brittleness of metal-like compounds 
established in reference [13] decreases in 
proportio to the increase of the root-mean- 
square displacement of the centres of molecular 
complexes in the crystal lattices of the com- 
pounds during thermal oscillations, to which 
corresponds a decrease in the rigidity of the 
interatomic bonds and, consequently, an in- 
crease in the possibility of stress relaxa- 
tion, 

In the present work the microbrittleness 
method was used to estimate the brittleness of 
the metal-like compounds, This was first 
suggested by Ikornikova [15] for estimating 
the brittleness of carborundum, in conjunction 
with the determination of a mean brittleness 
mark, as was done in a paper by Kotelnikov 
[16] . 

The essence of this procedure is the obtain- 
ing impressions with the diamond pyramid of 
the PMT-3 instrument at various loads and 
estimating the quantity and nature of the 
cracks and other defects produced. To reduce 
the subjectivity of this estimate, the so- 
called mean brittleness mark is introduced. 
This is computed from the degree of destruc- 
tion manifested by the nature of the impression. 
The degree of destruction is estimated accord- 
ing to a five-mark scale (see Fig.5 and Table 
1). 

The total destruction mark is determined 
from this according to the formula 


Z = 0n, + In, + 2m, + 3n3 + 40, +5n,, (3) 


where Nov No are the relative quanti- 
ties of impressions with the given mark or 
character of destruction. 

Naturally, the greater the number of apprais- 


able marks, the less subjective the results 
ink 


given by the sum Z=)ja, - n, However, even 
im0 


with the five-mark system results are obtained 
which permit a fairly objective comparison of 
the brittleness of the investigated materials 
to be made, 

Values of the total destruction mark cal- 
culated in accordance with formula (3) are 
presented in relation to load on Fig. 6-7 for 
borides and silicides. Allowing for the 
scatter of the experimental results, the 
nature of the variation of Z with respect to 
load is the same for all the materials inves- 
tigated. It is conspicuous that no traces of 
destruction at any load are observed on the 
impressions of the carbides of tantalum and 


wolfram (WoC) and niobium silicide, This is 


practically true for Mo oC also. At the same 
time these compounds, like the other metal- 
line phases, have considerable brittleness, 
Thus, it was remarked that specimens of 
niobium and tantalum silicides prepared by 
hot pressing powders of these compounds are 
very subject to spontaneous cracking in the 
unannealed state under the action of internal 
stresses, Evidently, the absence of visible 
defects in the impressions on the slides of 
these compounds merely indicates that the 
shear stresses set up in the surface layer of 
the slide by the diamond pyramid indentation 
is for these materials less than their yield 
strength. For the silicides of tantalum for 
example, the destruction of the impressions 
is observed only at loads exceeding 50 g. 
From this it follows that a single total 
destruction mark must not be taken as a 
characteristic of the brittleness of the 
material. Such a characteristic should 
reflect the rate factor of growth of the 
destruction of the material with increased 
load (that is, the stresses in the material). 
This factor may be characterized by the value 
of the derivative of the total destruction 
mark with respect to the applied load, Table 


TABLE 1 


Destruction mark 


Nature of the impression 


1-2 cracks 


Impression without visible cracks or chips 
One small vertical or horizontal crack 


2-3 cracks, chip from one side of the impression 
More than 3 vertical cracks 
Complete destruction of form of the impression 
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TABLE 2 
Brittleness Indices of Metal-like Compounds 


Brittleness 
Phase| Crystalline Brittleness ( Britt leness index A from 
structure V U9) factor (Z99) | Op} 9 index Y X 10 data of refs 
(13-14) 
WC | Hexagonal 0.058 [14] 20.5 0. 200 40.9 18 
0.055 [17] 
TiC | Cubic 0.067 [14] 20.0 0.175 35.0 9 
0.085 [17] 
Zrc | Cubic 0.074 [14] 32.5 0. 100 32.5 2.67 
vc | Cubic 0.088 [14] 18.5 0.175 32.3 - 
CrC,| Rhombohedral 0.091 [17] 16. 0 0. 150 24.0 - 
Mo,C | Hexagonal 0.055 [14] 3.0 0.025 7.5 - 
0.090 [17] 
WoC | Hexagonal 0.062 [14] 0 - ~ - 
0.070 [17] 
TaC | Cubic 0.082 14,17 0 - - - 
TiN | Cubic 0.091 [14] 29.0 0.085 24.7 1.11 
0.160 [14] 
ZrN | Cubic - - - Less brittle 
than TiN 
W.B, | Hexagonal - 21.0 0.125 26.2 ~ 
TiB, | Hexagonal 0.073 [14] 13.5 0. 100 13.5 2. 66 
Mo Bs Rhombohedral - 13.0 0.075 9.7 - 
TaB, Hexagonal - 9.5 0.06 5.7 - 
NbB. Hexagonal - 8.0 0.065 5.2 - 
CrB, | Hexagonal 0.121 [14] 2.0 0.05 1.0 - 
ZrB, | Hexagonal 0.072 [14] 3.0 0.025(?) 0.75 3,27 
| Cubic 28.5 0.15 41.0 - 
BaB, | Cubic ~ 19.0 0.175 33.3 ~ 
LaB, | Cubic - 9.5 0.05 4.75 - 
CaB, | Cubic - 5.5 0.045 2.48 - 
FeSi,| Tetrahedral 37,0 0.10 37.0 
Tasi, Hexagonal 0.073* 10.0 0.25 25.0 - 
Crsi, Hexagonal 0.082* 26.5 0.075 19.9 - 
TiSi,} Rhombohedral 0.087* 41.0 0.045 18.5 - 
ZrSi.| Rhombohedral 0.087°* 42.5 0.04 18.0 - 
WSiy | Tetrahedral 0.073* 12.0 0.06 7.2 - 
CoSi,} Cubic - 15.0 0.045 6.8 - 
NiSi,| Cubic ~ 10.0 0.045 4.5 - 
MoSi.| Tetrahedral 0.076 8.0 0.05 4.0 - 


* Calculated from the melting point and the molecular volume by the method of reference [}§] 
without taking account of the anisotropy of the thermal oscillations of the atoms in 
crystals of non-cubic symmetry. 
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~ ~ 


Destruction mark, relative units 


6 


° 


50 70 


Ss 


90. 110 130 150 170 190 20 


Load, grams 


Fig. 7. 


Variation with load of the total destruction mark of 


silicides. 


1- FeSig; 2 - CoSi,; 


2 gives values of the total destruction mark 
Z9 for a load of 90 g and the value of 


Gs) The product of the total destruc- 
tion mark and the value of its derivative 
with respect to load, that is, the quantity 


1=Z,, (4) 


may be regarded as an index of the brittleness 
of the material which reflects both the 
nature of the destruction and the rate of 
growth of the destruction with increased load, 

The brittleness indices calculated in this 
way (column 6 table 2) are in satisfactory 
agreement with the hardness indices found for 
certain compounds in reference [13], and also 
with the cohesion characteristics of the 
atoms in the lattices of the compounds, 
decreasing with increase of the root-mean- 
square displacements of the centres of the 
molecular complexes (column 3 Table 2) in 
accordance with the relationship estab] ished 
established in reference [14]. 

The values of the root-mean-square disp] ace- 


ments V a2 given in column 3 of table 2 


for silicides were calculated by the method 
proposed by one of the authors [18] which is 


6 - 2r8i,; Crsi,; 8 - MOSi,; 


9 TaSio. 


applicdble with adequate reliability only to 
substances with cubic symmetry of the crystal 
lattice. However, for substances with the 

same lattice and close values of the lattice 


constants, the values of V zo.’ calculated 


in this way are obviously a fairly good in- 
dication of the rigidity of the bond. Com- 
parison of these values with the brittleness 
indices for isostructural silicides shows 
that for these compounds also the brittleness 


increases as V ky decreases, that is, as 


the rigidity of the interatomic bonds increa- 
ses, 

By comparing the values of the total des- 
truction mark of the impressions and the 
brittleness indices for the various compounds 
it can be seen that brittleness in general 
increases in the order: silicide, boride, 
nitride, carbide. 


3. CONCLUSIONS 


1. The microhardness of a number of metal - 
like compounds of the transition metals was 
investigated at various loads. It was estab- 
lished that the microhardness numbers depend 
on the load at which the investigation is 
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made, The nature of the relatiorship between 
microhardness numbers and load is the same 
for materials with very high and comparatively 
low hardness and is determined, apparently, 

by the nature of the plastic deformation of 
the surface of solids when their microhardness 
is tested. 

2. The brittleness of metal-like compounds 
was investigated by a microbrittleness method, 
The brittleness indices obtained in the 
present paper are in satisfactory agreement 
with the brittleness indices which we pre- 
viously established for some compounds. 

3. The brittleness of the compounds increases 
as the root-mean-square displacements of the 
centres of the molecular complexes in the 
crystal lattices of the compounds increase, 
that is, as the rigidity of the interatomic 
bond increases and as the possibility of 
stress relaxation in the material decreases, 
4. The hardness of metal-like compounds in- 
creases in the order: silicide, nitride, 
carbide, boride; and the brittleness in the 
order: 


silicide, boride, nitride, carbide. 


Translated by R, Hegarty 
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ON THE QUESTION OF THE MECHANISM OF THE INITIAL 


STAGE OF DEFORMATION OF POLYCRYSTALLINE METALS* 
By Y.R. RAUSIN 
(Received 25 September 1958) 


B.A Sidorov [1] has expressed doubt in the 
correctness of a series of conclusions made 
by us on the basis of experimental observa- 
tions of the initial stage of plastic defor- 
mation [2,3]. Comments on the method, which 
were the consequence of an insufficiently 
exact description of the methods used by us, 
could probably be excluded from the differen- 
ces of opinion noted. In particular, the 
method of observation used by us from the 
beginning of the appearance of slip lines 
could possibly have been incorrect if we had 
used it as B.A. Sidorov supposes, We not 
only observed under the microscope the 
beginning of the appearance of slip lines in 
a polycrystal with different grain sizes, but 
also compared it with the appearance of slip 
lines in a monocrystal of the same metal, If, 
at one and the same stage of deformation 
(under identical conditions of observation), 
the slip lines had appeared in the monocrystal, 
but not in the polycrystal, that is, if slip 
had appeared in the grains of the polycrystal 
at a greater degree of general deformation 
than in the monocrystal, then we were correct 
to suppose that the beginning of the appear- 
ance of slip lines in the polycrystal is 
preceded by some other, pre-slip deformation, 
Also, by deformation by slip, we presuppose 
deformation characterized by the formation of 
localized planes of slip. 

Besides this, the inspection under the 
microscope was carried out at various magni- 
fications (100-600) with control checks on a 
electron microscope (x 8000). No change 
was observed in the degree of deformation at 
which the first slip appeared. 

It is also impossible to accept the sup- 
position expressed by Sidorov, that the slip 


* Fiz. metal. metalloved. 8, No.4, 631-635, 1959. 


lines ‘“‘taper” with a decrease in grain size, 
In detailed surveys, Kuhlman [5] and Brown [4] 
have examined about two hundred papers devoted 
to slip lines, From these papers it follows 
that the number of elementary slip planes 
included in a slip band, or, in other words, 
the width of the slip band visible to us 
under a microscope in the form of slip lines, 
depends on the physical nature of the metal 
and on the conditions of deformation, but not 
on the size of the crystal. 

However, not only the absence of slip lines 
in the deformation of polycrystals forces us 
to suppose that slip takes place later in 
them than in the monocrystal, that is, that 
the appearance of slip in the grains of the 
polycrystal is preceded some other form of 
deformation, The reason for this is a whole 
series of direct and indirect observations 
described in the references and partly carried 
out by us. They also allow us to maintain 
that at this stage of deformation intergranu- 
lar processes take place, Are they peculiar 
to this stage or not? It is most probable 
that the intergranular deformation is accom- 
panied by processes corresponding to those 
which take place in the monocrystal before 
the beginning of the appearance of slip, 

Such an idea was expressed as early as in 
1931 by Shchapov, who was the first to estab- 
lish the absence of slip lines in fine- 
grained iron [6]. Bochvar [7] and a series 
of other authors [8,9] consider that the 
initial deformation of monocrystals consists 
of the uniform displacement of atomic planes 
which do not leave visible traces on coming 
to the surface. Yet another idea exists, 
according to which pre-slip deformation leads 
to fragmentation of the grain with the for- 
mation of nuclei of substructure [10], among 
them also the usual] low-temperature deforma- 
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tion [11,12]. Unfortunately, even X-ray 
observations do not give a single answer to 
this question, At the same time a series of 
experimental observations allows us to con- 
sider that at this stage of the deformation of 
polycrystals intergranular processes are 
prevalent, 

The possibility of the relative displacement 
of grains because of the flow at the bounda- 
ries is acknowledged also by Sidorov. However, 
he doubts whether this flow can prevail over 
the intragranular processes before some stage 
of deformation. He considers that the preva- 
lent role of inter-granular processes at the 
beginning of the deformation is unproved, 
mainly because no direct measilrements of the 
displacement of grains have been made, As a 
matter of fact it is necessary to solve the 
question in another way. 

The localization of deformat:ion on the 
boundaries of the grains was observed experi- 
mentally in a series of metals: zinc [8], 
magnesium [26] and low-carbon steel [27,28]. 
As the amount of displacement is very small, 
an authentic quantitative comparison of the 
micro- and macroscopic deformation is made 
difficult and is not a reliable criterion for 
well-founded conclusions, Mass statistical 
observations of the change in the diameter of 
grains of steel in the direction of expansion 
and across it (which, by the way, did not show 
any change in these two dimensions within the 
limits of 5-6% deformation), cannot be quoted 
by us because of insufficient accuracy. 
Rachinger, [13], who is referred to by 
Sidorov, carried out such observations with 
deformation of 50%. But this has nothing in 
common with those smal] deformations which 
were examined in our articles. Therefore we 
consider it more reliable to support our 
propositions with indirect observations of the 
initial stage of plastic deformation, The 
results of such observations give us sufficient 
grounds to confirm that deformation, called 
‘‘critical’’ by Ivanova, does exist, with which 
one mechanism of deformation alternates with 
another, The amount of ‘‘critical’’ deformation 
is not constant. It changes depending on a 
series of factors, and mainly on those which 
determine the state and extent of the boun- 
daries, that is, the degree of purity of the 
metal and the grain size. Therefore the 


supposition of Sidorov is quite correct, that 


the difference in the degree of inter- 
granular displacement that we and Rachinger 
had, apart from the above-mentioned reason, 
is explained by the content of various 
impurities in aluminium, 

At the present time there is a great deal 
of experimental material which confirms the 
position expressed earlier, that a change 
from one mechanism of deformation to another 
exists. We will limit ourselves to a brief 
enumeration of some of them, 

1. In proportion to the decrease in the 
quantity of impurities in the metal and the 
increase in the grain size, the following 
decrease: 

a) the degree of deformation at which the 
slip lines appear [2, 3,5, 6); 

b) the degree of deformation* at which 
collective recrystallization on annealing is 
replaced with recrystallization of the worked 
material (see work [23]); 

c) the size of the yield point [, 24, 25]; 

d) the degree of deformation before which 
the Bauschinger effect is observed [16]. 

It is characteristic that the parameters 
enumerated, progressively decreasing in pro- 
portion to the freedom of the metal from 
impurities and the increase in the grain, in 
several cases reach zero value, In this case 
there is an absence of the inter-granular 
displacement as well as the yield point and 
the Bauschinger effect and others; there is 
seen, as in the monocrysta, only deformation 
by slip. 

2. The presence of ‘‘critical” deformation 
was eStablished by Crussard, who analysed the 
course of load-extension curves of a large 
number of metals which do not show a yield 
point, The author established that within 
the limits of 6-7% of deformation there is an 
inflexion in the load-extension curve, which 
bears witness to the change in the deformation 
mechanism [17]. Crussard does not give an 
answer to the question of the form of the 
mechanism of deformation up to the point of 
inflexion, but the substantial role of inter- 
granular processes does not, in the opinion 
of the author, give rise to any doubt. Con- 
sequently one may consider that ‘‘critical” 
deformation is a property of all metals, with 


* Critical degree of deformation before recrystal- 
lization. 
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the exception of very pure and coarse-grained, 
metals in which there occurs inter-granular 
displacement, and the ‘‘critical” deformation 
becomes equal to zero. 

3. The increase in the hardness at the 
boundaries of the grains, especially after 
ageing, and the absence of such inside the 
grain is a very important confirmation of the 
inter-granular character of the initial stage 
of deformation. (see work [14]). 

4. Continuing the exposition of the facts 
which confirm the special] mechanism of the 
initial stage of deformation, one must point 
out the unusual change here of a series of 
physical properties [18] and, in particular, 
the decrease in electrical resistance in the 
zone of critical deformation [19-21]. This 
decrease is greater, the smaller the grain 
[21]. An increase was also noted in the 
density of iron at a deformation within the 
limits of the yield point; this increase 
appears when there is a lesser degree of 
penetration of hydrogen as a result of catho- 
dic charging [22]. 

We do not identify the existence of inter- 
granular displacement and ‘‘critical” deforma- 
tion with the definite presence of a yield 
point, Like Crussard [17], we consider the 
presence of a yield point a particular case 
of a change in the deformation mechanism In 
the explanation which appears below we attempt 
to answer very briefly the puzzling question 
which Sidorov poses: why is the yield point 
absent in the metals in which, as we maintain, 
inter-granular displacement exists? 

First of all one must note that the existing 
ideas about the mechanism of the formation of 
a yield point (the hypotheses of the ‘‘brittle 
skeleton”) proved not to be in the position to 
explain the series of experimental observa- 
tions, The failure of these hypotheses is 
explained, from our point of view, by the 
fact that in them, the boundaries of the 
grains were considered as the zones of great- 
est strength, On the basis of the hypothesis 
about the nature of the yield point modem 
ideas about the grain boundaries must be 
proposed, in accordance with which they are 
an intermediate layer between grains of dif- 
ferent orientation, with disturbed atomic 
packing, with a large quantity of dislocated 
atoms and the accumulation of vacancies, 
Deformation at the grain boundaries approaches, 


in its character, viscous flow. In connexion 
with this, the boundaries of the grains are 
often weaker than the body of the grains, 
especially in technical metals and alloys, 


Fig. 1. The boundaries of the grains of annealed 
technically pure iron; X7500. 


The boundaries of the grains of the same 
X7500. 


Fig. 2. 
iron after quenching from 900° in water; 


The undissolved impurities and the impuri- 
ties which enter the solid solution are con- 
centrated, to a large extent, in these 
boundary layers [15], which intensifies the 
defects of the atomic packing and broadens the 
disintegrated intermediate zone, The elec- 
tron-microscope photographs reproduced in 
Figures 1 and 2 in particlar bear witness 
to this. In connexion with this, the differ- 
ence in the strength in the boundaries and 
the grains themselves aggravates the relative 
weakness of the boundaries. Therefore, the 
quantity of impurities at the boundaries of 
the grains is one of the important reasons 
for the larger or smaller inter-granular dis- 
placement in the initial stage of deformation, 
As Rachinger showed visually [13] on models 
made of bubbles, the movement of whole grains 
is greater, the broader the boundaries are 
between them, With a narrow boundary grain 
boundary slip quickly changes to intragranular 
deformation with elongation of the grains; 
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with a broad boundary the grains (bubbles) 
slide over one another for a long time with- 
out changing their internal form. 

The inter-granular displacement is one of 
the reasons for the formation of the yield 
point. However, this condition is necessary 
but insufficient. The second necessary con- 
dition for the formation of the yield point 
is the sensitivity of the metals to stress. 
concentration, In fact, the yield point in 
the load extension curve is accompanied by 
localization of deformation, Both these 
phenomena are inseparable and caused by the 
same reasons, What does the existence of 
such a sharply defined localization of defor- 
mation mean? It bears witness to the large 
concentration of stresses in the zone of the 
origin of the deformation. It is known that 
local deformation originates as a rule, at 
the ends of the specimens, If the transition 
from the shank to the ends of the specimens 
is made more smoothly, then the formation of 
the local deformation is preceded by a large 
“peak” of an upper yield point. In this case 
also a large local overstress precedes the 
beginning of yielding. 

With the effect of the local increased 
stress there takes place the first group dis- 
placement of grains* in the direction of the 
maximum tangential stresses and the first 
Chernov-Luders line is formed. 

Not all metals are sensitive to the concen- 
tration of stresses and capable of supporting 
local overstresses. In soft non-ferrous 
metals it is impossible to create high local 
stresses in the zone of the concentrator, 
because consequence of the low value of the 
yield stress, the effect of the concentration 
quickly weakens, Such metals do not have a 
yield point on the load-extension curve in 
spite of the presence of inter-granular move- 
ment, However, even aluminium, if it is 
strengthened by a very fine grain size 
(0,.002-0.005 mm) which simultaneously raises 
the sensitivity to a concentration of stresses, 


* In a series of cases the formation of slip lines 
is observed simultaneously in separate, as a 
rule, coarse and non-equiaxed grains. This 
does not exclude the prevalent inter-granular 
character of deformation, spreading over the 
greater part of the grain of the metal. 


and tendency to inter-granular movement elon- 
gates with the formation of a yield point. 

The sharp rise in the yield stress and the 
increase in the sensitivity to a concentra- 
tion of stresses, but not an increase in 
inter- granular movement, is explained by the 
increase in the yield point at low tempera- 
tures. Conversely, the decrease in the yield 
stress and sensitivity to a concentration of 
stresses explains its disappearance on heat- 
ing. 

Sidorov correctly considers that it is 
impossible to consider the present opinion 
expressed about the mechanism of the initial 
stage of deformation as sufficiently well- 
founded, It is clear that the considerations 
stated here are far from an exhaustive treat- 
ment of necessary basis of the hypothesis 
discussed. With the present article the 
author wants to bring attention to numerous 
experimental observations which could be 
simply explained from the point of view of the 
suggested mechanism of deformation. The 
broadening of the circle of these observations 
may lead, in time, to making more precise the 
theory of the plastic deformation of poly- 
crystals, 


Translated by R.J. Coleman 
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A STUDY OF THE REACTIONAL DIFFUSION IN BINARY SYSTEMS OF 
THE TYPE "METAL-GAS" |11* 
By V.1I. ARKHAROV, E.B. BLANKOVA, N.A. SUKHOVA and R.A. ENTELIS 
(Received 19 June 1959) 


For checking the supposition [1] about the 
correlation between the strengthening of tne 
relative role of the homopolar bonds in the 
products of reactional diffusion and the 
increase in the relative role of the metal- 
loid in the process of diffusion we carried 
out a supplementary study of the mechanism of 
diffusion in the systems Fe-P, Co-P, Zr-S, 
Zr-Se, Zr-Te and Nb-Z, Nb-Se, Nb-Te. 

The coice of systems was determined by the 
following considerations, It is known [B,4] 
that homopolar bonds in combinations of 
transitional metals with metalloids are 
stronger, the greater the polarizability of 
the metalloid and the stronger the polarizing 
effect the metal has on the metalloid. For 
instance phosphorous, placed in the periodic 
table next to sulphur, but to the left of it, 
is polarized more strongly than sulphur, 
consequently, in combinations of phosphorous 
the homopolar bonds will be expressed more 
strongly than in combinations of sulphur with 
the same metals. 

In the article [2] it was stated that in 
the system Fe-S and Co-S in the whole of the 
temperature interval studied, (from the 
beginning of the dross formation, revealed by 
X-rays, to the temperature of melting of the 
dross) there takes place a bilateral diffusion 
of the metal and the sulphur and also the 
thickness of the layers of dross, formed 
because of the diffusion of the metal and the 
sulphur and also the thickness of the layers 
of dross, formed because of the diffusion of 
the metal and the diffusion of the metalloid, 


* Fiz. metal. metallov. &, No.4, 636-638, 1959. 


are approximately the same, If the supposi- 
tion expressed by us is correct, then in the 
systems Fe-P and Co-P the relative role of 
phosphorous in the diffusion must be greater 
than the role of the sulphur in the diffusion 
in the systems Fe-S and Co-S, 

On the other hand, our supposition may be 
checked if, instead of the transitional metals 
of the IV period, for example Ti and V, tran- 
sitional metals of the V period — Zr and Nb 
are taken, placed respectively in the same 
groups of the periodic system, but having a 
greater polarizing effect on the metalloid 
(which once again leads to the strengthening 
of the relative role of the homopolar bonds 
in the sulphides, selenides and tellurides of 
these metals in comparison with the analogical 
combinations on the basis of titanium and 
vanadium, 

The results of the study of the reactional 
diffusions in the systems Fe-P, Co-P, Zr-S, 
Zr-Se, Zr-Te, Nb-S, Nb-Se and Nb Te are shown 
in the table, 

A comparison of the data obtained by dif- 
ferent methods of study allows us to deduce 
that in the systems Fe-P and Co-P, in the 
temperature interval 400-600°, there takes 
place a unilateral diffusion of phosphorous; 
in all the systems on the basis Zr and Nb the 
unilateral diffusion of the metalloids (S, 

Se and Te) is observed in the interval of 
400-1,000°. We recall that in the systems 
Ti-S and V-S in the same temperature interval 
was observed bilateral diffusion of the 
metals and sulphur, but in the systems Ti-Te, 
V-Se and V-Te the bilateral diffusion of the 
metals and metalloids was observed in the 
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Tempera- 
ture 
interval 


Syst em 


No. of 
macro- 
scopic 
layers 


No. of 
metal - 
logra- 
phic- 
ally 
exposed 
layers 


Phase compound of dross 


Presence of Macroscopic 
texture characteristics 
in the of the type of 

layers of reaction 
dross diffusion 


FeP,. (unable to identify it with 
the phases described in the ref- 
erences) [5,6] 


X-ray picture of the phase close to 
the picture of cop [7] 


[8] 


None 


Neutral on out- 


side layers of 
dross 


In outer layer - ZrS, [8], in inner 
layer - ZrS, [8]. 


None 


Neutral on out- 


side layers of 
dross 


X-ray picture of the phase close to 
that calculated theoretically for 


[8] 


None 


Neutral on out- 


side layers of 
dross, F* 


400-600 


X-ray picture of phase close to that 
calculated theoretically for Zr Seg 


[9] 


None 


F* (at 600°) 


ZrTe, (unable to identify with 
phases known in references [9]) 


In outer layer-NbS_.** inmiddle and 
inner layers — phases close 
according to X-ray picture to 
NbS, [10] 


None 


Patches of dross 


along the edges 
of the specimen 


A phase close, according to X-ray 
picture, to that calculated 
theoretically for NbS, [10] 


Texture 
with a low 
degree of 

perfection. 


Patches of dross 


along the edges 
of the specimen 


Low-symmetrical phase NbS, (unable 
to identify it with the phases 
known in the references [10] ) 


Texture The same 

with a low on the outer 
degree of surface of 
perfection. dross. 
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Table 1 continued 


No. of 
macro- 
scopic 
layers 


No. of 
metal - 
logra- 
phic- 
ally 
exposed 
layers 


Phase compound of dross 


Presence of 
texture 
in the 
layers of 
dross 


Macroscopic 
characteristics 
of the type of 

reaction 
diffusion 


In outer layer — NbSe**, in inner layer — 
NbSe,** 


Texture 
with low 
degree of 
perfection. 


Patches of dross 
along edges of 
specimen 


In outer layer — low symmetrical phase 
NbSe,**, in inner layer NbSe,** 


Texture 
with low 
degree of 
perfection 


Patches of dross 
along edges of 
specimen 


In outer layer — phase NbSe,**, the 
inner, very fine layer was not exposed 
by X-rays 


Texture 
with low 
degree of 
perfect ion 


The same 
on the out 
surface of 
dross 


A phase close, by the position of the 
lines, to phwses with structural type 
NiAs 


None 


Patches of dross 
along edges of 
specimen 


In the outer and inner layers — phases 
close by X-ray picture to phases from 
structural type Cdl, 


Patches of dross 
along edges of 
specimen 


In outer layer - NbTe,**, in inner layer 
NbTe, 


Fe of 
outer surface 
of dross 


* Form of specimen after diffusional annealing characteristic for a case of wilateral diffusion of the 


metalloid. 


**Impossible to identify with the phases described in the references. 


temperature region starting from 700-800° and 


higher. 


Thus, the selection of binary systems on 
the principle of the gradual strengthening of 
the relative role of the homopolar bonds in 
the chalcogenides of the transitional elements 
leads to the expected conclusion - an increase 
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THE CHANGE IM THE ELECTRICAL RESISTANCE OF A 
MOMOCRYSTAL CF MAGNETITE IN A MAGNETIC FIELD 
I! THE REGION OF ITS LOW-TEMPERATURE TRANSFORMAT ION* 


By T.D. ZOTOV 
(Received 13 April 1959) 


It is known that magnetite (Fe,04) cooled natura] magnetite monocrystal. The specimen 
below 111°K sharply changes its physical was in the form of a small rod of diameter 
properties [1-5]. The change in the physical 1.33 mm and length 7 mm. The shaft of the 
properties is usually connected with the low- rod was set along a crystallographic axis 
temperature transformation in magnetite. [100]. Electrical measurements and chemical 
Vervey supposed [6] that this transformation analysis showed that the magnetite monocrystal 
is explained by the ordering of the divalent studied was close to the stoichiometric 
and trivalent ions of iron in the octahedral composition, According to the spectrum 
conditions of the magnetite lattice. analysis, titanium formed the basic additive 

In the present work the temperature depen- within the limits 0.01 to 0.3%. Besides this, 
dence of the change in electrical resistance traces of Al, Cu, Cr, Mg and several] other 
in a longitudinal magnetic field is studied elements were observed, The statistical alter- 
at a temperature of from 78 to 213°K on a ation of the crystal lattice of the magnetite 
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Fig. 1. Dependence of relative electrical resistance in a 
longitudinal magnetic field on temperature. 
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monocrystal was not observed by X-ray examina- 
tions. The determination of the amount of the 
change in electrical resistance was carried 
out by slowly heating the specimen from the 
temperature of liquid nitrogen in a longti- 
tudinal magnetic field of 20,000 oersteds, 
which is significantly stronger than the field 
which is necessary for the saturation of the 
specimen, The specimen was cooled to the 
temperature of liquid nitrogen in the absence 
of the magnetic field. 

On the drawing the dependence of the rela- 
tive change in electrical resistance in a 
longitudinal magnetic field on the temperature 
is represented by the continuous curve, The 
dotted curve represents the temperature depen- 
dence of the specific electrical resistance, 
Both curves were obtained on one and the same 
specimen, AS is seen from the drawing, on 


the curve 


AR. 
— (T) two minimums are observed. 


Besides this, the curve has yet 


another peculiarity: it crosses zero twice, 
in the regions 88 and 140°K, 

The first minimum is explained by. the tran- 
sition of the magnetite, on heating, from an 
ordered to a disordered state, With regard 
to the second minimum, it is apparently con- 
nected with the scattering of the conduction 
electrons in the fluctuations of electronic 


density, the magnetizability and density of 
the substance, analogous to the process of 
the scattering of the conduction electrons in 
the fluctuations of magnetizability, which 
should take place slightly lower than the 
Curie temperature, in accordance with the 
work of Krivoglaz and Ribak [7]. On switching 
on the magnetic field the fluctuations de- 
crease and, because of this, the movement of 
the electrons increases, This leads to a 
decrease in electrical resistance, 

In cuiclusion, I express thanks to N.V. 
Volkenstein for continuous attention and 
interest in the work, and to B.S. Borisov for 
the X-ray study of the specimen, 


Translated by R.J. Coleman 
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ON THE DETERMINATION OF CONDITIONS FOR THE AUTORADIOGRAPHIC EXPOSURE 
OF INHOMOGENEITIES IN ADSORPTIVE CONCENTRATION * 
V.S. GALISHEV, A.N. ORLOV and I.A. SHVARTE 


Institute of Physics of Metals, U.S.S.R. Academy of Sciences 
(Received 28 July 1959) 


The criterion suggested i in paper [3] for autoradiographic exposure of intergranular boundaries 
enriched by a radioactive isotope is more accurately defined. The more accurate specification consists 
of taking into consideration the space distribution of electrons emitted by the boundary and the relation- 
ship between the sensitivity of photographic emulsions and the energy of the electrons. 


1. In the work by Arkharov, Galishev et al (1] conditions were discussed for the exposure of 
inhomogeneity in adsorptive precipitation by the autoradiographic method using 8-emitting isotopes. 
The calculation of electron density F (r, r) of energy E, defined by symbolic growth 7 (cm? in dimens- 
ion) at point r inside or on the surface of a specimen, was carried out taking multiple scattering into 
consideration for the following model. 

The specimen is a plane-parallel plate of thickness b along the y-axis andvinfinitely extended 
along the x and z axes. A portion of the plane x = 0, cut out by the y = 0 and y = 5 planes, forms an 
infinitely thin intercrystalline zone on which n, B~emitting atoms are adsorbed. By the method in paper 
[2] the question of finding the function F (r,r) is reduced to the diffusion problem, the Solution of 
which has a simple form when the thickness of the specimen is 


b K hnx?/6, (1) 


where A (E) is the free path of the electron of energy EF [3]. In this case the density of electrons of 
symbolic growth 7 emitted by the intercrystalline zone near the specimen surface at a distance x from 
the zone is equal to 


F (x, 0, t) =F (x, 5, 7) = = ’ 
2 V ? (2) 


where Sy is the number of electrons emitted from 1 cm? of the zone surface. The electron density emit- 
ted by sources evenly distributed in the grain space near the zone surface, is equal to 


bh 


F’ (0, t) =F’ (b, 1) = exp 2 ray 


Qn (3) 
where v, is the number of electrons emitted from unit volume of the grain. The spectral density of the 
electron beam through the planes y = 0 and y = b is equal to 


n(x, 0, OF 


3 
= F(x, 0,1). 


(4) 


Galishev and Shvarte [3] defined the results of [1] more accurately for application to Al + 0.1 per 
cent **°Ag and Cu + 0.1 per cent '7*Sb systems by assuming that the concentration of the active 
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component in the intercrystalline zone is equal to 10 per cent and that the criterion for the exposure 
of the zone is the fulfilment of the inequality 


Szone — Sbackground 7 0.1, (5) 


s = aD 


denotes the intensity of blackening of the film; D is the radiation dose, a the coefficient of propor- 
tionality*. The quantity D is associated with the number of electrons n falling on the emulsion and 
the time of exposure ¢ by the relationship 


D =nvte' (E)E, (6) 


where v is the coefficient of absorption of the photographic emulsion and c’ (E) is the efficiency of 
the absorbed electron of energy E in producing the latent photographic image. In paper [3] it was, in 
fact, assumed that the product 


c=c'vaE 


is independent of energy so that the equation A = S,/Sbp =n,/n,, (as follows from formula (31) of 
paper [3] ) holds; A is the ratio of electrons beams and not of the intensities which are equal to 


I={n'(E)EdE). 


For evaluation of the difference (5), the value of n (x, r) at the point x = 0 was taken as the n,,,., 
where, according to (2), n (x) reaches peak value, and the rate of fall of function n (x) with rise 
of x was disregarded. For these assumptions, expression (5) holds when 


A =sz/Sbg 1.1 —- 1.5, (7) 


whereupon the lower limit corresponds to the intensity of blackening s = 1, and the upper to s = 0.2. 
For the enriched zone, 0.1 p thick, condition (7) is fulfilled for **°Ag — lines with a mean energy of 
29 and 170 keV (1/3 of maximum energy). 

The purpose of this report is to make the conditions (7) of exposure more accurate by taking into 
consideration the type of the function n (x) and the dependence of coefficient c on energy. 

2. It can be seen from (2) that for small r the integrand in the expression 


n(x, t) at 


falls sharply with rise of x, and for large 7 it falls slowly. If the fall is sharp and n (x) is notice- 

ably different from zero only in a region a few microns thick, the intercrystalline zone will occur as 

a thin strip of width of the order of emulsion grains. If, however, the fall of n (x) is too slow (takes 
place at a distance of a crystal grain), the intercrystalline zone will then not appear even if A satis- 
fies the inequality (7). Finally, if the spectrum of B-emitting atoms contains lines of various maximum 
energy, the fulfilment of conditions (7) for one or several lines of the spectrum is then not sufficient 


* The function s(D) is in fact more complicated (see e.g. [6] ) hut for a small section of variation of s it may 
be approximated to be linear. 


2 
where 

VO. 

8 
19 


Autoradiographic exposure of inhomogeneities 


for the exposure of the zone, because the electrons of high energy and free path L of the order of 
specimen grains, practically, will just intensify the background blackening. 

It is known (see e.g. [4]) that in visual examination of a film the exposure of an image (as 
uneveness in blackening) is defined by the brightness element of the image i.e. by the value 
A; = log (B,/B,), where B, and B, are the brightness of the image and the brightness of the back- 
ground respectively which can still be distinguished by the eye at a given illumination of the film. 
If the film is examined in a plane-parallel beam of in transmission light, the difference then, by the 
definition of the intensity of blackening s, is 


A; depends on the background brightness, the size of image, its contrast range (the distance at which 
B changes from B, to B,) and other factors. Precise forms of these relations are unknown. For a rough 
estimation of A, we take into consideration that in the y-detection of defects a very small difference 
in blackening A s = 0.05 [5] is sufficient for a clear detection of them. Since the autoradiographic 
images are usually examined under a microscope when they are less clear due to fluctuations in the 
background blackening (this also concerns the examination of microphotographs on which the fluctua- 
tions are reproduced), we shall assume, as in [3], that 


As = (0.1 


min 
and require that the change of 


s from Sbackground © Shackground * A Smin 


take place over a distance of the order of 0.1 L, where L is the grain size of the specimen. 

We shall now define more accurately formula (6) which was assumed in [3]. The relation between 
the intensity of blackening s and the amount of energy absorbed by ‘the emulsion, or more accurately 
the dose of incident radiation, is described by a curve known as the characteristic curve of emulsion 
which in general case is of a complex form [6]. Experiments show [7] that for electrons of energy up 
to 50 keV the relation between s and the number of electrons falling in 1 sec on 1 cm? is linear 


s=c(E)nt. (9) 


The coefficient c (E) = cv aE increases with electron energy faster than required by linear law and 
the form of this relationship on the type of emulsion. 

Expressing E in terms of the symbolic growth, we write c = (r). Let the intensity (a number of 
electrons per decay) of the ith line of B-ray spectrum be denoted, by a by No the electron-beam densi- 
ty of the ith line for x = 0, by n;, for x = 0.1 L, and by n;,, the density of the electron beam of the 
ith line from the bulk of the grain. By rewriting then equaticn (9) in the form of 


s= Yat | nt (2) ds, (10) 
i 0 


instead of (8) we obtain the exposure condition as 


t [x a, fe (x) nio(s) ds — { ni dz] >t 
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FIG. 1. Integral (15) as a function of mean electron energy Eo. Figures on the curves denote: 
1 — Al; 2— Cu; 3— Pb. Values of b — the thickness of the specimen — and 
x — the distance of enriched zone from the centre — see in Table 2. 


The time ¢ is obtained from the condition that the intensity of background blackening 
Sbg= a; (x) bg") drt 


is optimum for exposing the image, i.e. about 2 [5]. We obtain then 


Dai (ng dz 
Dai fe (x) My, 


Sopt > 0.1. 
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In the particular case when (as assumed in [3] ) c is independent of E (or the dependence is of such 
a form that in formula (13) for the spectrum of dispersed electrons discussed it practically vanishes) 


and in the spectrum of primary electrons there is only one line, we obtain 


Finally, if n’ falls with x so sharply that practically n’<= 0, the relation (7) is obtained. 

3. It is shown in [3] that in certain conditions two lines of the *°Ag 8-spectrum satisfy the 
condition of exposure (7). Let us verify by using the more general condition (13) whether the inter- 
crystalline zone appears if the assumptions assumed in [3] about c being independent of E and n 
falling rapidly with x are not fulfilled. 

For this purpose it is necessary to know the function c (£) for the film used in the experiments 
with the Al-Ag system mentioned in [1]. Unfortunately, no such data are available. We assume, there- 
fore, that c(E) is linear. This does not differ much from the data quoted in [7] and agrees with the 
results of the X-rays in [8]. Instead of (13) we then obtain: 


‘oi “oi 
[J (z) E(t) dt (t) E (t) dt] 
> 0.1. 


Sopt “ol 
a ny t) E(t) dt 


The integral 


het 


To 2 x2 
0 


was calculated graphically for the following values of the problem: B-electron energy from 0.02 to 
0.35 MeV; absorbers of Al, Cu, Pb used; thickness of specimens b = 10“; 10; 10 cm; distance of 
the points of observation from the centre of enriched zone x = 0; 10%; 10°; 10°? cm. All the combina- 
tions of these values which do not satisfy the condition (1) were excluded. The integrals in the de- 
nominator of formula (14°), which define the blackening of background, were approximately calculat- 


ed by means of the formula: 


2het 2hox 
’ 


0 


in which the electron energy function E (r) is substituted by its maximum value £,. The examination 
of the integrand in (16) for the values of the parameters of the problem indicetes that its variation 
differs from an exponential function only in the vicinity of the point r = ry (and even here insignifi- 
cantly). 

The results of calculations are shown in the figure. By interpolation and using formulae (16) 
and (14’), the conditions for the autoradiographic exposure of irregularities in concentration discuss- 
ed can be determined from these data for a wide group of systems. Let us examine two examples: 

a. Al with admixture of **°Ag for the values of parameters of the problem adopted in [3]: thick- 
ness of the specimen b = 0.001 cm; thickness of the intercrystalline zone d = 10-§ cm; concentra- 
tion of **°Ag in the zone c, = 10 per cent; and in the bulk c, = 0.1 per cent so that, when Sopt = 2, 
ds,,¢2/¢, = 2 x 10% cm. The results of calculations are given in Table 1. It is evident that the 
blackening of the film by the line of 29 keV decreases quite sharply at a distance of 10% — 10 cm 
from the zone, and that by the line of 170 keV at this distance is nearly the same as for x = 0. By 
comparing the values from the last line of Table 1 with the inequality (14’) we come to the 
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TABLE 1 


Mean energy Relative intensity 
fi x=1073 cm 


65 -05 0.006 
0.045 


29 keV 0. 
170 keV 0.33 


log 3.7x 1075 


—2 
Leftehand (14’) §.9x 10 
side of 


3.72 
2.6 x 1078 
1.6x107* 


55 keV | 
left hand /bg 


Side of (14’) x 
AS 


TABLE 2 


Values of x 


Values at 


10-4 
10-3 
1072 


conclusion that at a distance of x = 10“ cm from the centre of the intercrystalline zone the intensity 
of blackening of the film is already appreciably lower than that over the zone so that for the size of 
grain L > 10™* cm — in agreement with the conclusions of [1, 3] — the intercrystalline zones in the 
specimen investigated appear when the emulsion is used in which the increase of c(E) with E is 
linear or sharper. In the experiments described in paper [1] they did not appear evidently because the 


specimen used was very thick. 
b. The Fe-C system investigated experimentally by Zav’yalov and Bruk [9] on massive specimens. 


Here C** with one line of the B-spectrum is the radioactive isotope (E,,,, = 0.155 MeV, E,=1/3 Enay= 


= 0.05 MeV). In this case expression (14”) is simplified because the sums contain but one item. As- 
suming an effective thickness of the layer from which electrons hit the film to be equal 5 = 10 cm 
and using the curves of the figure (see Table 2), we shall obtain the figures given in Table 1. If — 
according to [9] — we put d = 5 x 10° cm; c, = 0.23 at.% and assume c, to be equal to the limiting 
solubility of carbon in y-iron (about 7 at.%), then dso), c2/c, = 10% x 7/0.23 = 3 x 10“ cm so that 
the blackening of the film at a distance of x = 10“ cm from the centre of the enriched zone should be 
appreciably less than over the zone. This conclusion holds even if the concentration of carbon in the 
enriched zone is a fraction of the above. 

As the thickness of the layer emitting electrons to the surface is in fact greater than 10™* cm 
(in [9] it is estimated to be 3 x 10° cm), the contrast range is decreasing and the blackening falls 
rise of x slower than the rate calculated in Table 1. Owing to the fact that in this case condition 
(1) is violated, it is impossible to estimate the dependence of film blackening on x more accurately 
by the approximate method used here. It is possible that the broad image of the intercrystalline zone 
(of the order of 10™ cm) obtained in work [9] is caused by the fact that the width of the zone enriched 
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by carbon was appreciably greater than that assumed by the authors. 

In order to estimate conditions of exposing the boundaries correctly it is important to have ex- 
perimental data concerning the function c(E) for various emulsions. Any reliable theoretical calcula- 
tion of the coefficient c’(E) is scarcely possible in the present state of knowledge on the mechanism 
of developing the latent photographic images produced by the action of A-particles. 

In addition to the conclusions of paper [3], the emulsions should be recommended for use which 
are sensitive to the electrons of low energy and insensitive to the electrons of high energy, because 
the latter produce homogeneous blackening of the background due to their long free paths even when 
the B-emitting atoms are concentrated on the intercrystalline boundaries. 


Translated by B. Cynk 
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ON THE EFFECT OF FLUCTUATIONS IN THE PARAMETERS OF CORRELATION 
UPON SCATTERING OF X-RAYS AND THERMAL NEUTRONS BY SOLID SOLUTIONS * 
M.A. KRIVOGLAZ 
Institute of Physics of Metals, U.S.S.R. Academy of Sciences 
(Received 8 January 1959) 


Scattering of X-rays and thermal neutrons by substitutional solid solutions associated with a 
variety of atomic scattering factors and geometric distortions are discussed. Heterogeneity associated 
with fluctuating changes not only in the composition but also in the parameters of correlation is 
considered. 

It is shown that accounting for fluctuations in the parameters of correlation order may lead to 
substantial changes in the shape of isodiffusion curves. Ideal solutions and solutions near the point 
of the phase transition of the second order are discussed in detail. Formulae are given for the quanti- 
ties which determine the weakening due to static distortions in intensity of normal reflections. 


1. INTRODUCTION VOL 


When scattering of various types of waves (X-rays, thermal neutrons, light) by solutions is ana- 195 
lysed, only the scattering from fluctuating concentrations of components at various lattice points is 
usually taken into consideration (the fluctuations in composition and parameters of long-range order). 
Meanwhile, in addition to the composition fluctuations, fluctuations in the parameters of correlation 
(p.c.) usually occur measured by the number of pairs of similar atoms at a definite distance from one 


another in a given element of volume. In general, a degree of heterogeneity which causes scattering 
of a given type of waves (the extent of irregularities in refractive index in the case of light dispers- 
ion, or lattice distortions in the case of X-ray scattering) should depend not only on the fluctuations 
in composition but in the p.c. 

Irregularities associated with fluctuations of p.c. should result in the occurrence of additional 
scattering. 

Moreover, the value of the coefficient correlating the extent of irregularities with fluctuations in 
concentration c is usually assumed to be equal to the equilibrium (not fluctuating) change of c per 
unit change in composition of the whole specimen. However, in such an equilibrium change of c, 
the p.c. also change in a definite way, whereas in fluctuating changes of c the p.c. may remain 
constant (or vary by quantities having no relation to their equilibrium changes). For this reason the 
above mentioned coefficients to A c in the degree of heterogeneity resolved into fluctuations in 
composition and in the p.c. should be determined for constant values of p.c; they may noticeably 
differ from the equilibrium coefficients. 

Thus, the results obtained without accounting for fluctuations in the p.c. may undergo some 
changes. 

In connexion with the above statement, it is of interest to find out the effect of p.c. fluctuations 
upon scattering. Evidently, the simplest way of studying this effect is to use the scattering of 
X-rays (or thermal neutrons') by solid solutions, because in this case the relation can be established 
between the lattice distortions and the fluctuations in composition and p.c. by means of quite a simple 
model, which will also reveal all the properties of the effects. In paper [1] the theory of scattering 
from irregularities of solid solutions, associated with difference of atomic factors and atomic radii 


* Fiz. metal. metalloved., 8, No. 5, 648-666, 1959. 
t The following account will be given in terms referring to the scattering of X-rays. For studying the thermal 
neutron scattering from irregularities of the type discussed here it is in fact sufficient to simply change the 


notations. 
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of components, was developed without accounting for the fluctuations in the p.c.. Such an approxima- 
tion is evidently applicable in the cases when the proportionality factors between the lattice distor- 
tions and the fluctuating change of p.c. are sufficiently small. 

As was noted in [1], the applicability criterion of this approximation is fulfilled in the solutions 
obeying the Vegard principle (of linear relation between lattice constant and composition) and in 
those with low concentration of one of their components. In our present report the effect of p.c. 
fluctuations upon scattering will be explicitly taken into consideration. Such an analysis will enable 
one to estimate corrections associated with these fluctuations, to formulate more accurately the 
criterion of insignificance of their influence and to investigate changes in the distribution of scatter- 
ing intensities contributed by them. The calculations will be made for the same case as in [1], i.e. 
for the monochromatic scattered radiation from statical irregularities of a single crystal. 

Within limitations of the kinematic theory of dispersion, the intensity of X-ray dispersion by a 
binary disordered substitutional solid solution A-B with the lattice containing one atom in its unit 
cell may be expressed in electron units in the known form:* 


T= exp (iq), R, 


(1) 


Here f, is the scattering factor of the atom in the sth lattice point; qg the difference of wave vectors 
of scattered and incident waves; R, the vector of sth point of the ideal “mean” lattice; 5 R, the 
vector of displacement of the atom from this point. It is obvioue that fs may be represented in the 
form: f, = c, f, + (1 — cg) fg, where f, and fp are the scattering cross-section of A and B atoms 
respectively, and c, = 1 if atom A occupies the sth point, or c, = 0 if atom B is at the point. Let 
us expand c, and 6 R, by Fourier’s series: 

c,—c = DY -+ cp 


(c, —c) 


k 


Re = —— 
N 


Here c is the concentration of atoms A; N are the aimaber of atoms in the crystal, the summation for 
k is performed over vectors k/27 lying in the half-space of the first structure cell of the reciprocal 
lattice (we assume that the reciprocal lattice point is in the centre of the structure cell). The imagin- 
ary unit i is taken out in (3) for facility. 

Substituting expansions (2) and (3) in (1), performing the same transformation as done in [1] and 
using, as in [1], only quadratic items referring to Ry and cx (which is right for lattices not much 
distorted when the condition (9) of paper [1] is satisfied), we obtain 


where A is the volume of the unit cell; g = g, — 27 K,; K, is the vector of reciprocal lattice lying in 
the same cell as vector q,/27; the first term, containing the 5-function, determines the intensity of 
regular reflections, and the second one determines the intensity of diffuse scattering. In contrast 

to [1], where f denoted the mean atomic scattering factor, in the present work f is given by 


* Here and below q,, 9, k, K, R and p denote vectors 
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f=ch, exp(— +(l—c)f, exp , 


exp =4) =exp (i9;8Rsa); exp = exp (ig, Rss); 


/ 


L, = (9, Ly = (9, 


exp(— “A dexp (— 


are the factors which account for reduction of scattering amplitudes of A and B atoms due to static 
distortions; averaging in (6) is performed along the lattice points occupied by atoms A and B respect- 
ively. In expressing L, and Lp in formulae (6) in terms of mean squares of atom displacements the 
Gaussian distribution of displacement probability was used. Although, as shown in [2] the displace- 
ments do not in general obey this distribution, formulae (6), however, hold with sufficient accuracy 
because, in the case of substitutional homogenized solutions in question the deviations are small. 
As is evident from formula (4) it is necessary to know the Fourier transforms of lattice distortions in 
order to determine intensities of diffuse scattering. In chapter 2 these values will be expressed in 
terms of Fourier concentrations and p.c. 


2. DETERMINATION OF FOURIER TRANSFORMS OF ATOM DISPLACEMENTS 


Static displacements 5R, are determined as equilibrium positions for the thermal oscillations of 
atoms. These values can be found from the condition for minimum of free energy of the solution F. Let 
us assume a harmonic model according to which the expression for F may be written in the form: 


an? 


5; 3° ss? 


(7) 


where the indices a, a’= A, B denote the kind of atom occupying sth or s th lattice points respect- 
ively; i,j. number Cartesian co-ordinates of vectors and the summation with respect to the twice 
repeated indices i and j is carried out here and below in the text from 1 to 3. The quantities 

we", and Von 

ssi ss tj 

are not constant but depend on the composition of solution, the p.c. and temperature. In working out 
the expression (7) for F, it was taken into consideration that the force acting on sth atom from the 
s th atom depends on the displacement of the latter and on the type of both atoms. In this case, 
however, it is not taken into account that this force may also depend on types and dislocations of all 
the remaining neigh bouring atoms. As will be evident from the results obtained below, these effects 
(which can easily be calculated when data on interatomic interactions in solutions are more accurate- 
ly defined) do not change the evidence obtained on the distribution of scattering intensity (and evident- 
ly lead to small quantitative changes). The model adopted is more accurate than the model correspond- 
ing to the case when Vegard’s principle holds, used in [1] in which it was assumed that 


aa 
Vs ij 


are independent of a and a’and that w,¢ 4 are independent of a. 
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The quantities w%4/,, which take three values 


whA wAB and 


ssfi 
may evidently be written in the form 
” 
= Wssti Wssri (c, + — 2c) + (c, —¢) 
AA BB AB. 
== Westy + — 


AB BB 
= — Wssti + CWss'i? 


BB , ” 
W'ss¢ = + — 


The quantities W534 for s # s’ may be presented in a similar way as 


a! ” 
te Vissrij (C5 + — 2c) + (c, — 0); 


” AA BB AB - 

8 9 => Vss'i7 + 
195 ’ AB BB ae 
V sstig = V stig — + CV 


BRB 
Vsseig = + 2CV 55+ ij — 


By taking derivatives of expression (7) for free energy with respect to OR,; zero, we obtain a system 
of equations for the determination of displacements: 


[LV sseay + (c, + 2c) + (c, (csr — c)] (ARs; 6R,)) 
s’ 
10 
= [Wss?i (c, + —2C) + (c, — ¢)(¢se— c)]. 


In the right-hand side of equation (10) the sum Yess, is omitted as zero, because by the Newton 
third law, 


or and Y",,, as appreciably smaller than the corres- 
ponding values of Vss+;j, and solve the system (10) by a method of consecutive approximations. 
This assumption is true if the differences of elasticity moduli of solutions of various compositions 
are smaller than the moduli themselves. In the zero approximation we assume that 


Below in the text we shall regard V’ 


” 
Vss0 ij = 


Multiplying equation (10) by e'*®s, adding the results and considering (2) and (3), we obtain a system 
of three linear equations for determining three components of the vector R, 


Vij Raj = Wai Ce +3 mi () 


(1) 
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"Here the following notations are introduced: 


ik, 

= 
s 

’ ik, R.—Rs'. 

Wei = — Westie 


s 
wei (p) = wi (p) = — 


where p = R, — R, is one of the lattice vectors (V,,’and w,,’ evidently depend on the difference 
R, — R,- alone) and in the summation for s, s’ in the expression for c,(p) passes through the values 
identically related to s by the formula R, = R, — p. 

As follows from (11), the Fourier transforms of atomic displacements, R,;, are now linear funct- 
ions not only of the Fourier transforms of concentration fluctuations, c,, but also of the Fourier trans- 
forms of various p.c., c,(p). Here the p.c. between probabilities of substitution of sth and s ‘th lattice 
points by atoms A are found as average values (c, — c) (c,’— c) (in [1] ¢ (p) designated the p.c. 
between the substitution of the pair of lattice points by atoms A and B and was equal to the value 
introduced here with the opposite sign). Obviously, c, (p) is the kth Fourier transform of the p.c., 
e(p). The solution of equations (11) can evidently be represented in the following form: 


Rui = Ari Ce + (0) Ce (0) 


e+0 


(13) 
where A;,; and A;; (p) are the respective solutions of the systems of equations: 


V = Whi; Axi (2) = wri (p). (lla) 


On the other hand, by expressing c, (p) by means of formulae (12) and (2) in terms of combinations of 
c,, we obtain: 


Rei = Ani ce + + Ce'—n) Ari (0) 4. 


e*0 


+ + (9) (14) 


e+0 


where, in the summation for k’, the items to be considered are only those in which the indices in 
both factors cy,’ and c, “divided by 2m enter the chosen half of the reciprocal lattice cell. When 
written in this way, R; ; transforms appear to be expressed in the Fourier transforms of concentration 
fluctuations alone; in this case, however, R;; is not a linear but a quadratic function of the fluctua- 
tions. Both forms of writting, (13) and (14), are evidently equivalent and may be conveniently used 
for different cases. 

We shall now consider the first approximation in which V;, ti and V‘, 4j are different from zero 
but small. When determining R,; by the method of consecutive approximations, dR, standing by 
V’ and V”, may be substituted by the values of 8R‘;), obtained by the zero approximation. Ac- 
cording to "(13) and (3) these values are equal to: 


= M Assi (Cs*—c) + (cs c) (cs —c), 
s’ 
45”) 
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Agi = — Im 
* 
== — Im (Re: — Res) (eit Ryy, (15a) 


Substituting (15) in the terms of (10) containing V“’ and V” we find that R,;, as the first approxi- 
mation of the perturbation theory, are determined by the following system of equations: 


Rey = Wri Wai (p) Ca + Wei (0102) Cu + 


+ Wai ce 


Wri = — iD 


s 


( 
Ch (P,PaPs) = — mn" — — C) (Ce — (Cou —c) 8s, 


In expressions for c, (p,p,) pe cy (9192s), 8, s” and s™ in the summation for s are identically 
related to s by the formulae: py=R,— Ry, pp = R,—Rsr, fg =R,—Ryv. The differences 
and Wai (9) — Wi (0),as well as the quantities Wri and Wei are linear 

items in relation to V’ and V*. Formulae which express these quantities in terms of V’, V” and A 
can easily be obtained from (10) apd (15) but are omitted here for brevity. It can be seen from (16) 
that when various values of yee are considered, R, . in the first approximation are linear functions 
of the Fourier transforms of p.c. adequate not only to pairs but to three and four lattice points. 

The same terms in R, would appear if in the expression for F the items of the type 


(Cg — (Cr — 0) BRevi, wayesesns (C, —C) (Cot — 0) (Cyr — 0) 


ss's” 


were considered. These items may evidently be calculated from (16) by changing the physical mean- 
ing of coefficients W,;. In the following discussions we shall regard that this change has been already 
made. In the subsequent approximations, as well as for calculating the items of the 


DV (c,— c) (Cs c) c) 


ss’s” 


type in the expression for F, terms will occur in the expression for R, which are proportional to the 
Fourier transforms of p.c. between substitutions of a great number of lattice points. However, since 
no detailed evidence on the interatomic interactions are available, the calculation of these items 
(as well as the items proportional to c, (p.p,) and c;, (p.p.p5)) is inexpedient because they evidently 
play an unimportant part and do not alter the qualitative aspect of the influence of the p.c. fluctua- 
tions upon the scattering; in the following discussions, therefore, they will be disregarded. 

A certain relation can be established between the constants V and w on one side and on the 
other the elasticity moduli A;;,,, and the quantities which specify the size and form of the lattice 
c*ll as a function of oungpaliiens and p.c. For this purpose we shall consider an ultimate case of 
long waves. It is easy to see that the expansion of V;;; by a k power series begins with quadratic 
terms, that of W,; with terms of first power and the expansion of W;; (p), Wz; (pp2), Vqi (owas) with 
terms of zero power. Expanding by & and considering the relationship between V,, %j; and Ailim 
(compare the formula (27,12) in [3] ), we shall find that in a range of long waves the equation (16) 
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acquires the following form: 


k, k hj i(k, R,— R, > W gi Cr + 


18 
W ei (P1P2) Ce (0422) + W ni Ce 23). 


+P, +0 


In the ultimate case of long waves, macroscopic calculations of R, may be conducted by con- 
sidering the free energy as a function of components of the deformation tensor u,,; and continuous 
fluctuating variations of composition and p.c. Carrying out the same calculations as in deriving the 


formula (16) in [1], we obtain: 


hitmj aj = hitmj 1) + Ce + 


4 Ce (PyP2) + (oaeata)| » 


(Pix >0, 01P2P3 


(pix > 0, pox >0, psx > 0). 


Here the following p.c. are introduced: 


(PyP2) = (C, — €) — €) (esx — 


Oum j 
Oe 


is defined by the variation of u,,; with composition for p.c. constant. The formula (19) makes it 
possible to find A,; and Aj; (0). etc. from experimental data on the dependence of size and form of 
the lattice cell on the composition and the p.c. However, while 


Cc 


is easy to find experimentally, the experiments on the effect of annealing (which establishes the 
order) upon the lattice constant provide only the sum of quantities 

OUmy ) 

Oe(p) 
over p and for obtaining these tensors for individual p, special complicated experiments are to be 
performed on the study of changes in the lattice constant with the order arrangement in the presence 
of elastic stresses or magnetic field (in a ferromagnetic substance). 

By comparing coefficients to Fourier transforms of composition and p.c. in (18) and (19), we 


obtain the relations between W’... , W°., and derivatives of u,, aj with respect to c and « (9): 
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(Rar — Rout) = 


(20) 


(Ret — Re) = mj 


” 


In the case of cubic crystals, the formulae (20) establish one relation for WV. %; and one for W%, +, 
because, as already noted, only the sum of quantities 

OUmj 

de(p) 
can be found by usual experiments. When only one value of W’ and one of W” is different from zero in 
approximation to nearest neighbours, formulae (20) render it possible to determine these quantities 
from experiments. In a similar way, the relations between V, , 4; and A;1m; enable one to find from 
experiment three values of V,,%; in the case of a cubic crystal. 


3. DIFFUSE SCATTERING BY IDEAL SOLUTIONS 


The simplest expressions for scattering intensities are obtained for ideal solutions in which the 
distribution of atoms amongst the lattice points is random and the mean of p.c. is zero (the fluctua- 
tion of the p.c. is of course different from zero). To simplify the problem, we confine ourselves to 
the case when in the expression for R;, only the items proportional to c, and c; (p) can be calculat- 
ed (i.e. the case of relatively small values of W;; (p,p,) and W;; rai, in (16), which usually 
occurs, when elastic moduli depend only slightly on concentration). The intensity of diffuse scatter- 
ing |, is defined by the second item of formula (4). We substitute R, in this formula by expression 
(13) (whereupon by A;,; and A;; (p) we shall subsequently understand the solutions of equations 
(lla) in which w,; and w;; (p) are replaced by W,; and W;; (p). By averaging the random distribut- 
ion of atoms, we find: 


+19 A) —f, + fal + 


+ Ne? (1— (1 — cos 99), 


where the fact that A, (0) = — A,(—p). is accounted for. The first item, 1\") in (21) determines 
the scattering associated with the concentration fluctuations while the second item,/‘”) determines 
that associated with fluctuations of p.c. ? 

Since, as already mentioned, for small lk] Vai" is proportional to the second, W;,; to the first 
and W,; (p) to the zero power of |k|, A, is proportional to|g/—', and A,(f) proportional to|g|-2 
according to (lla). For this reason, as evident from (21), for g » 0 near the reciprocal lattice points, 
the intensity of diffuse scattering from geometrical distortions of the lattice associated with both 
the fluctuations of composition and the fluctuations of p.c., tend to infinity proportionally to |q|~. 
However, the angular variations in the distribution of scattering intensities in the reciprocal lattice 
space are substantially different for these two items. While the isodiffusion curves of scattering 
proportional to |q|~, associated with composition fluctuations, have a lemniscate-like form as dis- 
cussed in [1, 4] (in [1] the quantity @,9’/|q|*), played part of Aq), the isodoffusion curves of scat- 
tering associated with fluctuations of the p.c. are of more oval form, as will be shown. In order to 
investigate we consider crystals with body-centred and face-centred cubic lattices and use 
the approximation of nearest-neighbours i.e. we shall regard values of W,, 4 as different from zero 
only for the nearest neighbouring atoms*. Then for small values of |g|, Ag; and Aj; (p) are defined 


* For every pair of lattice points in the face-centred cubic lattice, two components of W,, 4, are different from 
(continued to the next page) 
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by the following system of equations: 
[Coa + (Car — Cae) Age + (Cra (tty Agy +2 Age) = 


[Cag + (Cra — nz] Agx (p)+ 


(C12 + C44) Mx Agy (0) +g Age ()] = — (23) 


where c;- are the elastic moduli in Voigt’s (n=q |g|) and in every system of three equations, two can 
be obtained from the above written equations by cyclic change of x, y and z indices. The components 


|W 5, | = W different from zero for the structures discussed as follows from (20), are equal to 


aa 
(24) 


where ap is in the length of the edge of cubic cell and dA/de is determined by the variation of A with 
the change of p.c. for all the pairs of neighbouring atoms (and not for one pair as in the case of de- 


rivative 
oA 


Substituting the solutions of equations (22), (23) in (21) and considering (24), we find: 


= Ne (1 —c) (n) 


Ig) = Ne? (I f,(n) qi +2 fy) 9%] 


i=x, y,2 j=x, y,2 


(i<j) 


(equation (27) continued on the next page) 


(continued from previous page) 
zero and of equal values. For example, for the lattice points (000) and (110), ¥, =W/ = W, W,’= 0; for the 
points (000) and (1-10), W= "= W, WZ = 0. For the pair of lattice points in the body-centred cubic lattice 


these components take equal vélues =V, 
where for each pair a corresponding sign + or — is assigned. 
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(equation (27) continued from previous page) 
2 
D = Cy + (Cy + (ne ny + + ny n2) 


2 2.2.9 


b,babz 


+E (Cy, + 02] — Bg (Cy + rx My (1 + — 
— bg (Cra + Cag) Mx Mz (1 + + + 
(C11 + 2¢12) 


2 
Fry = \A (0, [Cag + — (ny nz) + 


+8 + ya) My — Ba + C44) Mx My (1 + Eng) — 

— Dg + Cag) x (1 + By (Cyn + My (1 En?) + 
bs + (Cra — Cea) (Me + 2) +E (Ca + C49) — 
— bg (Crp +44) My tiz (i + Eni)} (byte + + bgn,)?, 


where €= (ci, — C12 — 2€44) Cag and variables 5,, b,, b, take values of +1, and —1 in the case of 
crystals with body-centred cubic lattice, and values of 0,+1, —1 (only one variable takes 0 in every 
item) in the case of the face-centred cubic lattice. The remaining functions g (n) Fn), f, (n) 
are obtained from (26) by cyclic permutation of indices. 
Expressions for 


a(n), f,,(n) 


are simplified in the case of elastic-isotropic crystals, for which ¢ = 0. In this case 


3p—1 1 
a;(n) = an; = — a; 


72(1 +p)? \ A ae 


pe (o — Poisson’s ratio ), 
1 


Cus C44 


=1 + + 2p + — + ni) + ni] (go) 
Fey = My [2 — p (1 +3) — (1 — + — 2n? 


for crystals with face-centred cubic lattice, and 


fe (nt) = 2 4p (1 —n2) (1 — + 2p? [(1 — 3) (1 — 2n2) + 4n? ni] 


fy (0) = 2ny ny [2 —Qpnz — p*(1 + — 4n? n5)| 


(30) 
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for crystals with body-centred cubic lattice. = 

As can be seen from (25), (28), the coefficient to q™ in ey is proportional to (nq,)? in the 
case of elastic isotropy and goes to zero for | g,,in consequence, the isodiffusion curves corres- 
ponding to this item have the lemniscate-like forms. As follows from (26)- (30), the 1% in this 
case does not go to zero and the isodiffusion curve for / ?? has an oval-like form. In the figure 
the isodiffusion curves are shown for illustration (in conventional units),/ - ( for fa =fp) and 
1 & (the curves 1 and 2) in the plane (001) of the reciprocal lattice space near the point (h00), and 
also the isodiffusion curves of the function J = i + " for 


(curve 3) and for 
c(1—c) / = 0.08 


(curve 4). The curves are constructed for the body-centred cubic lattice with € = 0, p = 2.5. 


FIG. 1. Isodiffusion curves. 


In order to make qualitative estimation of a relative part played by scattering from the fluctua- 
tions of the p.c. and the composition fluctuations, we compare for a given |q| the maximum value of 
the item in / ‘}? proportional to g* and the maximum value of i? for the reflection of the (h00) 
type. According to (25)-(30) for the isotropic case, the second quantity is appreciably smaller than 
the first one, if 


Oc 


(31) 


For crystals with a face-centred lattice the right-hand side of the inequality is half of the left one. 
The derivative 0A/de can be found from the evidence concerning the change of crystal volume during 
annealing when the short-range order is established. Such data, however, are available only for a few 
solutions. For this reason, for evaluation of 0A/de it may be considered that, according to (20) and 


(9), 


Oe Oct 34 


oc 
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if the dependence of W{, +; on composition is neglected. The other (evidently, more accurate) 
evaluation gives for 0A/de the values 0A/de ~ 5A/5e, where SA is the change of the lattice cell 
volume in the transition from the fully-ordered to disordered alloy in which not only the long-range 
but also the short-range order does not exist, and 5¢ is equal to % for alloys of the 8-brass type, 
and 1/16 for alloys of the AuCu type. If these evaluations are accepted, the criterion (31) may be 


rewritten in the form: 


whereupon the fact that 


(1 + p)? | 
16 ; 


is taken into consideration. 

Thus, in accordance with the assumption made in [1], the scattering by fluctuations of p.c. may 
be neglected if the lattice constant only slightly depends on the p.c. or (less accurately) if the de- 
pendence of the lattice constant on concentration does not differ much from linear (deviations from 
the Vegard principle are small). In many cases inequalities (31) and (32) are satisfied with suffici- 
ent accuracy and in the expression for /4 the item / {? alone, discussed in detail in [1]*, may be 
considered. However, cases may occur when these inequalities are not satisfied and /‘? , hence 
the character of angular distribution of scattering power in the reciprocal lattice space changes. It 
may be expected that iz plays an appreciable part in solutions with large deviations from 
Vegard’s principle. In particular, at the points of maximum and minimum values of the concentration 
curve A, when (dA/dc)e = 0, the items in / { proportional to q" and |q|“* vanish (only the Laue 
background remains, having no relation to + Rae and Ig plays a predominat part in the 
vicinity of the reciprocal lattice points'. The effects associated with fluctuations of the p.c. should 
evidently be appreciable for subtractional alloys (Gerzriken and Lesnik drew attention to the fact). 
As shown in [5], oval isodiffusion curves should also be found in the diffusion by vacancy pairs. 

If V and W are known, formulae (21), (lla) and (17) evidently enable one to find the distribution 
of intensity /4 not only in the vicinity of reciprocal lattice points but also for large |q|. In approxi- 
mation to nearest neighbours for V’= V~= 0, V and W may be expressed in terms of c;; and derivat- 
ives 


es, and 


Oc 


which renders it possible to calculate A, and Ak (p), hence also /4, for any & from independent 
experimental data. In particular, for crystals of face-centred lattices these quantities are determined 
by the equations: 


* Calculation of the relation between the lattice constant and the p.c. for non-ideal solid solutions leads 
to substituting, in formulae for A,;, the derivative Ou;,,/dc — in calculation of which the dependence of 
the p.c. on composition is accounted for — by the derivative (tt; m, /Oe ).- The latter is expressed in terms of 
by means of the relation 
OUjm Oujm Oe 
Oc dc’ 


whereas for the ideal solution both derivatives coincide. The difference between them is small when the 
lattice constant is only slightly dependent on the p.c. 
t It is easy to prove that the pattern obtained for the distribution of scattering intensities and the estimation 
of orders of magnitude would not change if in calculatin Ig, the items in Ry proportional to cy (p,p,) and 
(continued on the next page) 
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Q,, Ari (p) = — in + 2¢3) = b,. 


Here Q;; and P; are fractions of k and c;; and are determined by the formulae (28) of paper [6], and 
b; the components in expansion of p according to the crosscut d; directed along cubic axes: 


The formulae (21) and (33) enable one to calculate fs and oy for any q. 

It is also not difficult to obtain expressions for the scattering power of non-ideal solutions. In 
this case, however, the p.c. for three and four atom groups will also enter the formulae. Since these 
parameters are hitherto unknown, we shall not quote the quite cumbrous formulae obtained for this 
case. We shall only note that in individual cases the scattering from fluctuations of p.c. in non-ideal 
solutions may appreciably exceed that in ideal ones. If, e.g., admixed atoms in diluted solutions are 
located mainly in pairs (diatomic molecules) or groups containing several atoms, / ‘?? then is pro- 
portional to c and not to c? as in ideal solutions. The occurrence of oval isodiffuse scattering 
curves associated with fluctuations in the p.c. may be expected in the vicinity of some reciprocal 
lattice points close to a temperature of phase transition in crystals of the CuAu type and in other 
cases when regions with large values for parameters of short-range order are formed, corresponding 
to the laminated structure formation. 


4. DIFFUSE SCATTERING FROM FLUCTUATIONS IN THE PARAMETERS OF CORRELATION 
IN VICINITY OF THE PHASE TRANSITION POINT OF THE SECOND ORDER 


It is interest to investigate the scattering from fluctuations in the p.c. in the vicinity of the 
point of the phase transition of the second order. This effect was investigated in [7] for the case 
of dispersed light in which the influence of p.c. fluctuations was calculated by considering quadratic 
items in the expansion of dielectric constant by power series of fluctuations in the parameter of 
long-range order. We shall investigate X-ray scattering for the case of transition into ordered struc- 
ture in which the structure cell contains one lattice point of the first and one of the second kind, 
while each is a centre of symmetry (e.g. crystals of the B-brass type). We shall analyse the scatter- 
ing in the domain of structural reflections since, in the domain of superlattice reflections, distort- 
ions in these alloys have insignificant effect upon the scattering (see [1] ) and abnormally large 
scattering takes place associated only with variety of atomic (see [8], [9] ). For simplicity we 
confine to the case when A; (p) corresponding to the nearest neighbours only are different from zero. 
As follows from (4) and (13) for finding Ig it is necessary to calculate mean values of 


RC), (p) and Cy (¢) (p’). 


For small &, corresponding to the domain of structural reflections, these quantities may be expressed 
in terms of second derivatives of the thermodynamic potential per unit volume, ¢, with respect to c 
and ¢. In this case it should be considered that thermodynamically c and ¢ are not independent 
variables because, in general, 0?¢/dcde is different from zero. However, 07¢/dcde = 0 for the value 
of c for which de/dc = 0. For simplicity we subsequently confine ourselves to the concentration for 
which c and ¢ are statistically independent. Such a concentration is usually close to that in which 
the phase transition temperature 7, is maximum. In this case, the quantities c, c*, (p) proportional 


(continued from previous page) 
ch px) are taken into consideration. The corrections obtained in the case of ideal solutions are proportional 


to c? (1 —c) or c*(1 —c)* and are particularly small for small concentrations. 
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to @p/dede turn to zero. Cx (p)C,(p’) could be expressed in term of 07¢/de?. Since, however, the 
behaviour of this function near Ty is unknown, we shall represent cj (p) in the form of a quadratic 
function of cz, i.e. we shall define Ry; by formula (14). Substituting (14) in (4) and considering 
that A,;(o) = — Ag: (—¢), we then find that for small |q| 


4 yg al? al?! (ge) (9,4, (0) 
k 0 


+ Cr+qi2 Ckh—q 2 Ck’ +92 (9) (9,A, eX 


x (gp) (914, 


For small |{q|, 
T 
(c¢ + Pg?) 


4 
where « is the Boltzmann constant and 
For values of & near to 27K,, where K, is the vector of reciprocal lattice corresponding to superlattice 
reflection, |c;,|? is equal to (compare with [1] ): 


T 
Cel? = 


where k’=k—2nK, isasmall vector; = > is the degree of long range order*. 
Since by = 0 at the point of phase transition of the second order, the summed up expression in the 
last but one summation of formula (34) and the sum itself sharply increase near this point. The last 
summation of (34) is, in general, of the same order as the last but one. However as in [7], we shall 
not discuss the scattering associated with the last item of (34) in our investigation of characteristics 
of the transition point. A reason for either neglect or calculation of this item could only be provided 
if accurate characteristics of thermodynamic quantities at the transition point were known. As noted 
in [11] the neglect of the above item may result in appreciable error in the close vicinity of the 
transition point. From (35), considering only the main part of summation tending to infinity at the 
transition point, we find that 


Ic |? -. = NA (dk lc — = 
k 


(xT)* 
128xNAa%g 


ag? 


tan 
| 4 ran 


* This formula is true only for disordered alloys at temperatures above the transition temperature 7) and 
also for the composition for which T» has a maximum. For ordered alloys of other compositions, according 
to [9], d*/dy? must be substituted by the quantity 


Or? Oc? ’ 
which usually is of the same order of magnitude. Below in the text Pn may mean this quantity. 


(36) 
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Considering further that for k ~ 27K, which mainly contribute in integral (36), e'*? — 1, we find 
from (34), (36) and (22) that for crystals of the B-brass type, near temperature 7): 


NxT 32 


2 c + 2c 2 2 ! oA 
Bax = Coa) (ty + 2) + — 
3 CyD A de 


Xe 


(38) 


The second item 1g in formula (37) describing diffuse scattering associated with fluctuations of 


p-c. is simplified if ag? < 4¢pp 


Nf? (xT)? 


(39) 


For small |q|, / ?? as well as + are proportional to g™. Since at the transition point ¢, = 0, the 
coefficient of proportionality to g7 greatly increases with the approach to temperature 7. In this 
case d,, tends to zero at a different rate above and below 7, and / ¥? increases more sharply below 
the transition point. Since no accurate characteristics of Pnn and values of a at the transitions 
point are hitherto available, the principle of change of 


2 
V and 1?) 


in the vicinity of this point cannot be strictly determined. However, an order of magnitude of / - 
can be estimated by using the thermodynamic theory of phase transitions or statistical theory of 
solution ordering which qualitatively give the same results. The estimation by this theory [9] leads 
to 


10 
In this case 


IS? ~ 0,04NF* (q,B,)* — 


According to this estimation, for 7 + 74, / ¥ tends to zero as |T — T,” %.By comparing the expres- 
sion for > obtained with formula (25) for ideal solutions (for c = 4%), we find that near the trans- 


ition point the peak value of / . for a given |gq| is about 


times greater than that for ideal solutions. Since / % near the transition point is of the same order 


as that for ideal solutions, i.e. 
] 


22 
where 

|_| 
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for small |q|, Ig 
condition 


> becomes equal in order of magnitude to is at the temperature 7 for which the 


holds. Since B,;, according to (38), contains factors n; _it is easy to see that for any q, such a 
value of g can a found that the corresponding vector yi is perpendicular to q, i.e. he = 0. For 
this reason the isodiffusion curves of 1% and those of / }? should have a lemniscate-like shape. 
Since A, and Bg become perpendicular, generally speakitg, for different g, the distribution of total 
intensity BS came 112 in the vicinity of reciprocal lattice points not lying on high-symmetry planes 
and which also pass through the (000) point of intersection, may not turn to zero for any q. 

It should be noted that the calculation of - last item of (34) and accurate calculation of the 
last but one would provide the expression for eg with a term describable by isodiffusive curves 


of oval shape. 
The expression for ry?’ is also simplified if 


494, oc g > 


but |q| being still sufficiently small (|qg| < A‘/%) for the use of macroscopic approximation to be 


allowed. In this case 


In this case / ? js inversely proportional to |q|? and not to q? as it is far away from the transition 
point. The quantity |q| which separates the applicability regions of formulae (39) and (40) is propor- 


tional to 
V ¢,,/2 


and tends to zero with approach to the transition point. 
In a similar way the expression for / ? can be obtained in the vicinity of the critical point on 


the decomposition curve in approach to which ¢,, + 0. Since for small |q| in this case 


’ 


1 


the latter scattering may usually be neglected. Scattering from fluctuations in the p.c. plays a 
relatively small part near the points of phase transition also in the cases when a geometric distort- 
ion near the transition becomes anomalously large (Seignette’s salt, in which the piezoelectric 
effect is observed on both sides of the transition point, or crystals at a state near the critical 
point on the curves of the phase transition of the second order) [10, 9], because in these cases the 
principal part is played by the scattering associated with fluctuations in the parameters of long- 


range order. 


5. DETERMINATION OF THE WEAKENING IN INTENSITY OF NORMAL REFLECTIONS 


Quantities L4 and Lg which define the weakening of regular reflections can be expressed, 
according to (6), in terms of mean square values of displacements of atoms A and B. These quantities 


may also be written in the form: 


| 
VOL. 


Scattering of X-rays 


where the averaging is now carried out over all the lattice points and not only over the atoms A and 
B as in (6). We shall initially assume that the lattice constant is independent of p.c. so that in de- 
termining the atom displacements only the first items in (15) and (13) may be used and that 


oR, = A. — 


Substituting this expression in (41) and considering (3), we obtain 


1 1 


L= (9, = (cy —c) —¢) = (9,Ax)? 


k 


L’ = (c, —c) (9, 5R,)? = (c, —c) —c) 


ss's” 


(43) 


whereupon re ~= 0. (In paper [1], where in principle the diffusive scattering was investigated and 
not the weakening of lines, no distinction was sale between the mean square values of displace- 
ments of atoms A and B, i.e. the items in L4 and Lp containing L’ were diseregarded and 

L4 =Lpg=L assumed). It can be seen from (43) that in the case of ideal solutions — when 

—c) for s’#s” and (c—c)*?=c(l—c), L’ is zero and 


(44) 


The value of L’ is also small when c = % Indeed, it is easy to see that for c = % in a model of 
pair interaction the probability of substitution of any three lattice points by A atoms is equal to the 
probability of substitution by B atoms, i.e. = (1 —c,) (1 (1 Whence it 
follows that (c, —~%) (c,*—%) (e,*—%)=0 and L’=0 for c = %. L’ is also small in the 
case of sufficiently small concentration of one of the components because in this case the p.c. are 


small. 
For evaluating L ’ we shall consider slightly less than ideal solutions in which one may consider 


the correlation only between the nearest atoms only so that quadratic terms of « may be neglected. In 
the sum (43) then the terms for L ’ with s’= s” alone remain. In this case 


L’ =(1—2c)2 LD (g,Asse)?, 


where the summation with respect to s’ is performed over the atoms of the first co-ordinated domain. 
For the evaluation of ¢, the formula can be used as obtained in the approximation of Kirkwood theory 
of ordering: 


= —c4(] — 
€ 


where w is the energy of ordering. From this evaluation and from formulae for L and L’ it follows that 
|L’| «L, if 


c(1 —c)|1 — 2c| <1 


24 
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i.e. in the case of solutions of small concentration of close to c = % also in the case of high temper- 
atures. In general case of non-ideal solutions, L “ may, however, be appreciable. 

Even in the case of ideal solutions, L4 and Lp may differ if the lattice constant depends on the 
p.c. In order to determine R, in this case it is necessary to calculate not only the first but also the 
second item in (15). Substituting (15) in (16) and performing the averaging we find that Ly and Lp 
may be represented in the form of (42), but now L4 and L’ are defined by the formulae: 


s? 
(45) 


= 4c8 (1 —0)* (gy sese) + 408 (1 — (1 — 2c) (gy 


If hie ‘= 0, i.e. the displacement of a given atom is independent of the kind of the atom and the 
lattice constant independent of ¢, then L’= 0, and the formula (45) for L turns to formula (44). One 
may think that the difference between L4 and Lp becomes relatively larger (as compared with L) in 
the region of concentrations lying near the extreme points on the concentration curve of the lattice 
constant (if these extreme points do not lie at c ~ %). a 

If L4 and Lp is appreciably less then one, then the quantity f, which defines the intensity of 
regular reflections, is equal, by (5) and (41), to 


(46) 


= (C,f, + (1 (fx 


As was already noted [2], since caf, + cpfp and f, — fp are dependent on |q,| in different ways 

the presence of the item containing L “’ in (46) may result in the variation of the logarithm of the ratio 
f/ (cy fax + cB fp) (or the ratio of intensity of regular reflections to (cy f, + cpfg)) with gi not 
being linear but of a more complex form. Deviations from the linear variation is evidently small for 
small concentrations, the concentrations close to c = %, in case of nearly ideal solutions in which 
the lattice constant only slightly depends on the p.c. and also in the case of atomic scattering 
factors, f, and fp being close to one another. The greatest deviations from the linear functions may 
be expected for the scattering by solutions with very different atomic scattering factors in which 
values of the p.c. are great (or there are large deviations from Vegard’s principle) and concentrations 
appreciably differ from c = 0, c = 1, c = 4. One may suppose that also in these cases deviations 
from the above mentioned linear dependence, associated with the difference between Ly and Lp, 
will be smaller than the deviations associated with the difference between the distribution of probab- 
ilities of atom displacements and a Gaussian distribution, which were discussed in [2]. 


CONCLUSIONS 


Simultaneous calculations of scattering from fluctuations in the composition and in the p.c. lead, 
firstly, to a certain change of the coefficient correlating the lattice distortions with the fluctuations 
in the composition and, secondly, to the occurrence of an additional scattering. I[sodiffusive curves 
of scattering from fluctuations in the p.c. are not of a leminiscate but close to oval shape. The effects 
associated with fluctuations in the p.c. play a relatively important part when the lattice spacing greatly 
varies with the p.c. and deviations isn Vegard’s principle are large. In ideal solutions the scattering 
power of fluctuations in the p.c. is proportional to c? (1 — c)? and becomes insignificant for small 
concentrations. In non-ideal solutions the part played by these fluctuations may strengthen. Near the 
phase transition point, in particular, they may lead to the occurrence of strong diffusive scattering 
in the vicinity of structural reflections (in addition to the usual scattering in the vicinity of super- 


lattice reflections) the intensity of which tends to infinity with T> To. 
Translated by B. Cynk 
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RELAXATION ABSORPTION OF ULTRASOUND IN FERROMAGNETICS* 
V.T. SHMATOV 
Institute of Metal Physics U.S.S.R. Academy of Sciences 
(Received 19 January 1959) 


On the basis of the thermodynamic theory of relaxation phenomena [1, 2] equations have been 
obtained for the coefficient of absorption and dispersion of ultrasound in ferromagnetics. 


When a sound wave is propagated in a ferromagnetic, the degree of the ferromagnetic order does 
not, generally speaking, coincide at every moment with the equilibrium magnetization, since the 
relaxation time of the degree of the ferromagnetic order is finite. Only at sonic frequencies which 
are much lower and much higher than the inverse magnitude of the relaxation time can the process 
of sound propagation in ferromagnetics be regarded as being in equilibrium. In the first case the 
degree of the ferromagnetic order permits one to follow the change of state of the ferromagnetic, and 
the velocity of the sound is determined by the full value of the modulus of elasticity. In the second 
case there is no variation whatever in the degree of the ferromagnetic order, and the velocity of the 
sound is determined by the value of the modulus of elasticity after subtracting the portion arising 
through the existence of the ferromagnetic order. In the intermediate frequency range there will be a 
phase lag between the variation in the degree of the ferromagnetic order and the variation in the 
elastic state of the ferromagnetic; this will bring about the dissipation of sonic energy. In order to 
calculate the coefficient of absorption and dispersion of ultrasound in ferromagnetics, we will employ 
the general thermodynamic concepts adduced in references [1, 2]. 

For linear vibrations, the square of the complex velocity of sound of frequency @ can be obtained 
by substituting in the well-known equation for the velocity of sound, instead of Young’s static 
modulus, its dynamic value [2, 8]. 


1+ 


Co = Co 
1 + iwt®S (1) 


where C, is the normal Laplace velocity of sound; 77° and r5 are the relaxation times of the degree 
of the ferromagnetics order y for constant values of the parameters represented by the upper indices 
(o = stress, ¢ = deformation, S = entropy). From this we obtain by the usual method [1, 3] the express- 
ion for the velocity of the sound and the coefficient of absorption over the length of the wave: 


(2) 


(3) 


1 + 


The degree of relaxation of Young’s adiabatic modulus may be represented as follows: 


* Fiz. metal. metalloved., 8, No. 5, 667-670, 1959. 
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Ultrasound in ferromagnetics 


where Ey is Young’s isothermal modulus; EF 7 is the non-relaxing part of Young’s modulus, i.e. that 
part of the modulus minus the portion arising through the ferromagnetic order; c, and c, are specific 
heats; c’, and c{ are specific heats with no account taken of the ferromagnetic order. Since the 
modulus and specific heat ratios are close to unity, we can write with a fair degree of accuracy 


; -1), (5) 


€ 


where (1/E 7)” is the contribution of the ferromagnetic order to that value which is reciprocal to the 
isothermal modulus. The second component in equation (5) is equal to 10™, since the specific heat 
ratios deviate from unity in the second decimal place. The degree of relaxation will therefore be 
determined by the first component, which is the degree of relaxation of Young’s isothermal modulus. 

As will be seen from equation (3), sound absorption attains its maximum value at wré5 = 1, and 
thus possesses a resonance character. The value of the degree of relaxation of Young’s isothermal 
modulus can be expressed by the degree of the ferromagnetic order, employing the thermodynamic 
equation obtained in reference [10], 

dy \2 
iz 


OT 

where cy is the additional specific heat due to the existence of the ferromagnetic order. 
Employing the results of Weiss’s phenomenological theory of ferromagnetism [3], according to 


which 
we obtain 


y? (1 — v*) 
T—O(1—y*) (8) 


2 
A, =E',Nk 


where 9 is Curie temperature; k is Boltzmann’s constant; and N is the number of non-compensated 
spin moments per unit volume. As equation (8) shows, the degree of relaxation, and hence also the 
absorption of sound at frequencies wrf* ~ 1, increase with rising temperature and attain a maximum 


at Curie point, where 
(= 


8 \ac (9) 


If the ferromagnetic is located in an external magnetic field of intensity H, instead of equation 
(7) we will have [3] 


(10) 


l+y 20 0 


where jo is Bohr’s magneton. On the basis of equation (6), we find from this that the degree of relax- 
ation is here again determined as in equation (8), but in this case the degree of the ferromagnetic order 
is a function of the external field and thus the degree of relaxation is determined not by spontaneous, 
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but by true, magnetization. The increase in magnetization caused by the field is, however, so 
slight that it is of no practical significance for a wide range of field and temperature values. Only 
when the Curie temperature is approached does the influence of the external field increase and must 
for this reason be taken into account. 

A disadvantage of Weiss’s theory of ferromagnetism is the fact that it ignores ferromagnetic 
order at short range; it is essential that this factor be taken into account, since the exchange forces 
which determine ferromagnetism operate at short range. Taking account of short-range ferromagnetic 
order, we have [3, 4] instead of the first equation in (7) 

4A 


and, according to equation (6), we obtain 


T (00 2 
r rela) 


where z is the co-ordination value and the exchange integral A ~ k @. 

Direct measurement of the displacement of Curie point in ferromagnetics under the influence of 
elastic stresses is difficult to achieve; only approximate evaluations of this displacement are known 
in a number of ferromagnetic materials [7], and these can at best be used only for determining the 
ferromagnetic order (12). In the case of nickel 


= 1,471 [7]; £ = 2x ; @ — 631°; 
kg cm? 


c” = 0,037 —22!__ [6] 
g-deg. 


and in the region of Curie point we obtain Ay = 0.001. In Invar steels the displacement of the Curie 
point is of the order of 10~ and for this reason the degree of ultrasound absorption to be expected 
in these steels is presumably 100 times greater. 

It follows from these examples that in ferromagnets near the Curie points at frequencies of 
w r€5 ~ ] there should be observed an anomalously large absorbtion of ultrasound. 

The derivative 0@/dc, which enters into the equation for the degree of relaxation of Young’s 
isothermal modulus (12), as does also E’y, is an anisotropic value in ferromagnetic monocrystals*. 
Therefore the relaxation absorption of ultrasound in a ferromagnetic monocrystal has different 
values for the different directions in which the sound is propagated. In polycrystalline specimens 
the derivative 0@/ do represents a value, averaged in all directions, for the displacement of Curie 
point under the influence of elastic stresses (the same is true for E’;) and, consequently, relax- 
ation absorption of ultrasound in these specimens is not dependent on the direction of propagation. 

The relaxation time of the degree of the ferromagnetic order 7**, which enters into the equa- 
tions derived here, is simultaneously the spin-lattice relaxation time, since it characterizes the 
establishment of equilibrium between the spins and the lattice. It follows from thermodynamic 


considerations that 


* In Artmann’s experiments [9] it was found that in B-brass (1/E 7)” (part of the reciprocal value of 
Young’s modulus, arising from long-range order) is different for the different crystallographic directions. 
Employing equation (6), it can be shown that in B-brass, as in ferromagnetics, 


(IEp)” ~ (00/do)? 


Consequently, in alloys which are well ordered, the displacement of Curie point is an anisotropic value. 
Since ferromagnetics present an analogous case, this circumstance applies also to them. 
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(13) 


where L is the kninetic coefficient, which is a function of temperature and magnetization; F,. is 

the seond derivative of the free energy of the ferromagnetic order, taken as being in a state of 

equilibrium. If Weiss’s theory of ferromagnetism [3] is employed, we obtain 


war 


(14) 


If L does not possess a characteristic property at Curie point, the relaxation time must increase 
strongly as Curie temperature is approached. An experimental evaluation of the spin-lattice relax- 
ation time has been made in a paper by Bloembergen and Wang [5], who found, in the case of nickel 


at room temperature, that 7©* ~ 107° sec. 
My thanks are due to S.V. Vonovskii for his help in this work. 


Translated by C.M. Burnell 
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ADIABATIC GALVANOMAGNETIC AND THERMOMAGNETIC PHENOMENA IN 
SEMICONDUCTORS. II. MIXED CONDUCTIVITY * 
V. Ye. VZDORNOV and I.M. TSIDIL’KOVSKII 
Institute of Metal Physics, U.S.S.R. Academy of Sciences 
(Received 21 July 1959) 


A theoretical examination is made of adiabatic galvanomagnetic and thermomagnetic phenomena in 
semiconductors with mixed conductivity, based on the hypothesis of the isotropy of effective masses and 
the relaxation times of conductors. 


The theory of adiabatic galvanomagnetic and thermomagnetic phenomena in impure semiconduct- 
ors has been expounded by Tolpygo [1] and by one of the authors of the present paper [2]. An account 
is given below of the results of a calculation of adiabatic transfer phenomena for semiconductors 
with mixed conductivity. The calculation is carried out on the same plan, and is based on the same 
hypotheses, as in reference [2]*. 

Moreover, it is assumed that the mechanisms by which electrons and holes are dispersed are 
identical, i.e. ny =, = n, where n is determined by the dependence of the relaxation time of the 
conductor on the quasi-impulse: 


(T)| 


the symbols (+) and (—) refer to holes and electrons respectively. We will select a conductor dis- 
tribution function as follows: 


fo = N "exp | — ORT sar (4° + 


The electric and thermal fluxes are determined as the sum of the electron and hole fluxes: 


> 


The expressions for the total electron and hole fluxes are the same as in the case of impurity con- 


ductivity (equations (1) and (2) in reference [2] ), if the integrals /;; are re-defined in the following 
manner: 


I, hid + = 120 — = 1h + 1303: 


= (Ido + 70) + 


Tg = (Io — 130) +13; 


* Fiz. metal. metalloved., 8, No. 5, 671-677, 1959. 
t All the nomenclature adopted in reference [2] has been preserved here. 
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\ 


= — (FY + — Ae + — 


leg = (Io + ey Ae+ Min. 


The calculation has been carried out for weak and strong magnetic fields: 


c 
1. GALVANOMAGNETIC PHENOMENA 


Let us suppose that the primary current is an electric one and is directed along the axis x, while 
the magnetic field is located in a plane xz and at an angle of @ to it. The conditions 


0 


determine a system of equations for the fields Ey and E, and the temperature gradient 07/dy. 
Ettingshausen effect 


Weak magnetic fields. 


OT a, kT 1 2.3 
(N +N_u_}* \(1—n) (Va, + NL 


—N,N_u,u_(7+3n + jz— sin 6, 


where A = Ay + A,,, is the overall thermal conductivity in the magnetic field; « = Ae/kT 


Strong magnetic fields. 
NL#N_; 


N,_N_ 


The connexion between E, and j, is given in this case by the equation 


= \cos?6 + sinto| 


e(N,—N_? \ u, " 


=e(u,N, +u_N_). 


32 
VOL 
8 
195 
where 


Mixed conductivity 33 


Since in the first approximation the integrals /,. and /,, when N, =N_=N revert to zero in 
the region of strong magnetic fields, expressions for effects containing /,. and /,, are obtained only 
in the second approximation and are naturally bound to differ from the corresponding equations for 


N,#WN_. 
N,=N_=MN: 
oT Be ¢ 
2: 
ay he yin (5) 
or 
oT = ATN ( H 
h F sin 0 
y f sind ¢ 6) 
where F is determined by the relationship between j, and E, when N, = N_: 
4, AT 2 2 
+ w_(42—13n +n?—2ne + 128 + eN (7) 
3n \ n 
d,=a 2 2 
Hall effect 
Weak magnetic fields. 
+BN,N_ u_(u“, + (8) 
4e% 2 2 ix OT 
where 
A, = 12—n—n* + (l—n)e, By, = 36 +21n + 3n? + 5(3 + + 28; 
thermoelectric force coefficient: 
kT 


is the adduced chemical potential of the electrons; ue = —e— p* is the adduced chemical potential 
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of the holes. 
Strong magnetic fields*. 


N, #N_: 
sin 
—N_)e 2e ay 


N,=N_=N: 
6 -- 22) — 6— 
Fla, 2eh ¢ + 


(10) 


Equations (6) and (10) for OT /oy and Ey are true at fairly large angles of 0. If 0 is small, the 
terms of the fourth order relative to 1/H must be taken into account in resolving the integrals I;;. 


The nature of the dependence of d7'/dy and Ey on 
c 


will in this case be the same as when NV, # N_. 


Resistance variation in a magnetic field 


Weak magnetic fields. 

In view of the unwieldiness of the general equation for Ao/oo, we will adduce only the express- 
ion for the case of high values of ¢ (we will ignore both those terms which do not contain ¢, and 
those ~ «, leaving only the terms ~é ) 


(9, 2) +N_u yer sin*6. (11) 


In strong magnetic fields the adiabatic variation of resistance coincides with the corresponding 
isothermal value (equations (35) and (37) in reference [3] ) correct to the terms ~H™. 


Nernst effect 


The expressions for the Nernst effect are extremely cumbersome, and will not be adduced here. 
It should be noted that equation (17) in reference [2] is erroneous. The expression for 07 /dx in 
the case of impurity conductivity and strong magnetic fields is as follows: 


* In equations (8) and (8a) reference [2], the expression in parentheses 
dinN 3 


aT 


is erroneous; it should be replaced by the expression 


d inN 


Then the correlation: 


Rad = Ris + Pal 
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5 + (n — 1) cos? 0 


2. THERMOMAGNETIC PHENOMENA 
Let us suppose that the primary thermal flux i is | directed along the axis x, and the magnetic 
field along the axis z, i.e. 0 = 7/2. The conditions j = 0 and W, = 0 determine the system of equa- 
tions for the fields E, and E, and the temperature gradient 07/dy. 


Righi- Leduc effect 


Weak magnetic fields. 


OT an 
oy 4 eh (Ni, +N_u_)? 


((7 + 2n + n%) —N2 ut) — 


H OT 
ex’ 


—A,N (Nw, —N_u*)} — 


A,= 55 + 46n + 9n?+ 4(7 + By= 2(1—n)<]. 


Strong magnetic fields. 


(Ni +N?)—N_N_ (30 + 


a, (6—n+¢)—¢,(5 +8) 


Nernst - Ettingshausen transverse effect 


Weak magnetic fields. 


In view of the unwieldiness of the general equation, we will adduce the expressions for Ey 
in the special case of high values of ¢ (we will retain thos terms proportional to é ). 


Niu, (u,+u_)+N_u_(u,—u_) H oT 
uy + NV_u_)® ox 


Strong magnetic fields. 
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Mixed conductivity 


where the field of the isothermal effect E ~ is determined by the equation 


+4 _)(M—n + 


In the case of equal concentrations of electrons and holes, the adiabatic field Ey coincides 
with the isothermal fields [3] correct to the terms proportional to H?. 


Nernst - Ettingshausen linear effect 
The expression for E, in the case of weak magnetic fields is extremely cumbersome and will 
not be adduced here. 


In the case of strong magnetic fields and unequal concentrations, the adiabatic field E, coin- 
cides with the isothermal field correct to the terms ~ H*. When N, = N_ =N: 


(1 


u,+U_ eif 


Maggi - Righi - Leduc effect 


Owing to the extreme unwieldiness of the equation for weak magnetic fields, it will not be 
adduced here. 
Strong magnetic fields. 


2e 


(20) 


+ — 


x 


k 
E.—— 
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Mixed conductivity 


When N, = N_=NA,, equals: 
(21) 


a, é u,t+ 


3. CONCLUSIONS 


1. The nature of the dependence of all transverse galvanomagnetic and thermomagnetic effects 
on the magnetic field for semiconductors with unequal concentrations of electrons and holes is the 
same as in the case of impurity conductivity: in the region of weak fields these effects are propor- 
tional to H, while in the region of strong fields they are inversely proportional to H (in the case of 
the Hall effect this is true not of the field £, but of the current j,.) 

2. Where there are equal concentrations of conductors the transverse effects may be divided into 
two groups: (1) Hall and Righi-Leduc effects, for which the nature of the magnetic field dependence 


37 


is the same as in the case of unequal concentrations, and (2) Ettingshausen and Nernst-Ettingshausen 


effects, which are directly proportional to H whatever the magnetic field. 

3. The nature of the dependence of all linear effects on the magnetic field is the same as in the 
case of impurity conductivity. Characteristic properties of the Maggi-Righi-Leduc effect are to be 
observed in the presence of strong fields and equal concentrations of electrons and holes. While the 
dependence of electronic thermal conductivity on the magnetic fields, obtained when Ey = 0, is 
identical for different correlations of concentrations [3], when jy = O and 


N,=N_=Oana (a 


the electronic thermal conductivity tends not towards zero, as in the case of N, # N_, but towards 
some constant value. When the values of ¢ are sufficiently high (as for example in Ge and Si) the 
symbol for the Maggi-Leduc effect may even vary, i.e. there must be an increase in thermal conduct- 
ivity when the transition from impurity to natural conductivity occurs. 

4. Attention must be paid to the essential difference between adiabatic effects and correspond- 
ing isothermal effects, based on their relation to the width of the forbidden energy band. Thus, the 
Hall field and resistance variation in a magnetic field will contain terms proportional to ¢, while 
in isothermal conditions they are not dependent on ¢. The Nernst-Ettingshausen transverse effect 
in weak magnetic fields and in strong fields when NV, 4 N_ contains terms ~&, but in isothermal 
conditions it contains terms ~ ¢. Electronic thermal conductivity in both weak and strong magnetic 
fields when N, # N_ contains components ~ ¢‘, while in isothermal conditions A, ,~ €?. 

Thus, in equations for adiabatic effects ¢ is at a power twice as high as in equations for 
corresponding isothermal effects. 


Translated by C.M. Burnell 
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ON THE TEMPERATURE DEPENDENCE OF THE MAGNETIC PROPERTIES OF 
MAGNETICALLY TEXTURED SPECIMENS OF MnBi ALLOY POWDERS 
la.S. SHUR, Ye.V. SHTOL’TS, G.S. KANDAUROVA and L.V. REBNEVA 
Institute of Physics of Metals of the Academy of Sciences of the U.S.S.R. 
(Received 18 July 1959) 


This paper gives the results of an investigation of the magnetic properties of magnetically textured 


specimens of fine powders of the MnBi alloy in the temperature interval from + 20 to — 150°. It was observ- 
ed that with a lowering of the temperature the nature of the anisotropy of the coercive force, the magnetiz- 
ation curves and the residual magnetization in individual cycles as a function of the magnetizing field 
change. It is shown that from these features one can judge the magnetic structure of powders of magnet- 


ically uniaxial materials. 


1. INTRODUCTION 


The study of the magnetic properties of powders 
of various materials has shown that the magnetic 
characteristics of powders change in a regular man- 
ner with the grain size of the powder. This change 
in the magnetic properties of the powders is caused 
by the change in the magnetic structure of the ferro- 
magnetic: with a reduction of the size of the ferro- 
magnetic, the magnetic structure is transformed from 
a multi-domains into a transitional and then into a 
single domain structure. The cause of this reform- 
ing of the structure is that with decreasing size d 
of the particles the appearance of boundary layers 
between the regions and the development and growth 
of nuclei of remagnetization become energetically 
disadvantageous. This reforming of the magnetic 
structure should in different materials occur at dif- 
ferent particle sizes. The critical size d; of the 
particles below which a single domain state begins, 
depends on the first place on the anisotropy para- 
meters K and the magnetic saturation /, it increases 
with increasing K and decreases with increasing /, 
[1]. Hence, one must expect that in small grained 
powders of certain ferromagnetics in which in a 
certain temperature interval a sharp temperature de- 
pendence of the anisotropy parameter is observed 
together with a slight change in the magnetic satura- 
tion it should be possible to cause a reforming of 
the magnetic structure by changing the temperature 
of the ferromagnetic without changing its particle 
size [2]. The latter process should in turn cause a 


* Fiz. metal. metalloved., 8, No. 5, 678-684, 1959. 


regular change in the magnetic properties [3]. 

The purpose of the present paper was to study 
the temperature dependence of the magnetic proper- 
ties of specimens of MnBi alloy powders which at 
room temperature have a record high value of the 
parameter of magnetic anisotropy [4], as a result of 
which this material has a high value of d,. With de- 
creasing temperature K decreases rapidly [4], which 
causes a reduction in the critical size. Hence, in 
MnBi alloy powders, as the temperature decreases, 
the form of the magnetic structure will change and 
certain magnetic characteristics will change in a 
certain way as a consequence. This in turn should 
make it possible to draw certain qualitative con- 
clusions on the form of the magnetic structure of 
powders of magnetically uniaxial materials from the 
observed regularities of the magnetic properties. 


2. SPECIMENS AND METHODS OF 
MEASUR EMENT 


The MnBi alloy which was investigated was 
obtained by means of sintering powders of magne- 
sium and bismuth at a temperature of 300°; it had a 
coercive force of the order of 1000 oersted. By me- 
chanical breaking up the alloy was turned into a 
powder which was then separated into fractions 
according to grain size by means of a special de- 
vice. The average diameter of the particles of the 
various fractions varied from 20 to 2u. The powders 
of the individual fractions were mixed with an 
adhesive and the mixture filled into disk-shaped 
moulds which were placed between the poles of an 
electromagnet, the particles of the powder were 
glued together in the presence of a magnetic field. 
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MnBi alloy powders 


As a result magnetically textured specimens were 
obtained and the axis of the texture proved to be 
that direction in the specimen along which the mag- 
netic field was applied during the preparation of the 
specimen. 

The measurement of the magnetic properties of 
the specimens was done with the ballistic method. 
A special device was used to cool the specimen to 
low temperatures; it made it possible to lower the 
temperature evenly down to — 150°. The specimens 
were demagnetized at the temperature of measure- 
ment by selecting a reverse permanent magnetic 
field. The curves of the angular dependence of the 
coercive force and the residual magnetization were 
measured, as well as the curves of the magnetiza- 
tion and residual magnetization in individual cycles 
as a function of the maximum field originally used 
to magnetize the specimen. 


3. RESULTS OF THE MEASUREMENTS 


The main results of the measuremerts are given 
in Figs. 1-4. Fig. 1 shows the angular dependence 
of the coercive force of the specimen with 6 particle 
size at various temperatures. The angle ¢ is plot- 
ted on the abscissae; it represents the angle between 
the angle of the direction of the magnetic field 
during the preparation of the specimen (the axis of 
the texture) and the direction of the magnetic field 
during the measurement of the magnetic properties. 
The ordinates represent the ratio of the coercive 
force under a certain angle ¢ to the coercive force 
along the axis of texture (¢ = 0°). As can be seen 
from the figure, at temperatures of + 20 and — 40° 
the coercive force for an increase in the angle 
from 0 to 90° only decreases. At temperatures of 
— 65°, for values close to ¢ = 45° an increase in the 
coercive force is observed (for ¢ = 45°, H,/H? = 
1.02); when ¢ ‘s further increased the coercive 
force diminishes and for ¢ = 90°, H, /H o= 0.77. At 
a temperature of — 90° the coercive force increases 
with increasing angle ¢ right up to ¢ = 75°, and 
then decreases slightly, remaining, however, great- 
er than the value of the coercive force at ¢ = 0°. At 
lower temperatures (—150°) H, only increases when 
¢ is increased from 0 to 90°. 

Thus, in one and the same specimen three kinds 
of curve can be observed for the dependence of the 
coercive force on the angle ¢ during the measure- 
ment of the magnetic properties of that specimen, 
depending on the temperatures: (a) when the angle 
¢ is increased from 0 to 90° the coercive force 
only diminishes; (b) when the angle ¢ is increased 
from 0 to 60-70° the coercive force increases, and 
then decreases; (c) when the angle ¢ is increased 
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FIG. 1. Angular dependence of the coercive force of a 
specimen with a particle size of 6 at the temperatures: 
lat+ 20°; 2at—40°; 3 at — 65°; 4 at — 90°; 
5 at — 150°. 

Theoretically calculated curves for the angular de- 
pendence of the coercive force: 

(a) for a single-domain structure; 

(b) for a multi-domain structure. 


from 0 to 90° the coercive force only increases. 

Fig. 2 shows the dependence of the coercive 
force on the angle ¢ in specimens with different 
powder particle size at a temperature of — 65°. As 
the figure shows, specimens with 2 or 3 powder 
particle size the coercive force only diminishes 
with increasing angle ¢. In specimens with 6 and 
20 » particle size the anisotropy H, was small and 
its nature changed as follows: with increasing 
angle ¢ the coercive force grows slightly up to 
o = 45° and then decreases. Thus, a different nature 
of the angular dependence of the coercive force is 
observed in specimens of powders of different 
particle size. 

From Fig. 3, which shows the temperature depend- 
ence of the relative residual magnetization along 
the axis of the texture of specimens with different 
particles sizes one can see that specimens with 
20pu particle size the relative residual magnetiza- 
tion /,/], decreases rapidly with decreasing temper- 
ature from + 20 to — 60°; in the temperature region 
of — 80 to — 130° the change in /,/I, is slight. The 
relative residual magnetization of a powder speci- 
men with 3y particle size remains virtually constant 
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FIG. 2. Angular dependence of the coercive force at a 


temperature of — 65° for specimens of powders with 
particle sizes: 


1.20u; 2.6u; 3.3u; 4.2. 
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FIG. 3. Temperature dependence of the relative 
residual magnetization of powder specimens 
with particle sizes: 


1.20p; 2.31. 
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FIG. 4a. Dependence of the magnetization (curve 1) and the residual magnetization (curve 2) 
on the strength of the magnetic field. The curves are measured along the axis of the texture 


when the temperature is lowered from + 20 to — 20°, 
but decreases rapidly in the temperature interval 
from — 40 to — 90° and then again hardly changes 

at all down to a temperature of — 130°. Hence, in 
specimens of comparatively large powder particle 
size a considerable decrease in the relative residu- 
al magnetization is observed when the temperature 
is lowered from + 20°. In specimens of finer powders 
a rapid decrease in the residual magnetization is 


of the specimen made from powder with a particle size of 6 at a temperature of + 20°. 


observed at temperatures below — 20°. 

Fig. 4a-b shows the dependence of the relative 
magnetization (curve 1) and the relative residual 
magnetization (curve 2) on the strength of the mag- 
netic field oriented parallel to the axis of the text- 
ure of the specimen (the specimen is made of powder 
with 6p particle size); the change of these curves 
with the change in temperature is shown. As can one 
see from the figure, at a temperature of + 20° 
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FIG. 4b. The same as Fig. 4a, for a temperature of — 37°. 
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FIG. 4c. The same as Fig. 4a, for a temperature of — 60°. 


(Fig. 4a), at all values of the maximum magnetiz- 
ing field the value for the residual magnetization is 
close to the corresponding value for the magnetiza- 
tion in the same field. The maximum value of the 
relative residual magnetization is equal to 0.97 and 
is reached in a magnetic field which is close to the 
field of saturation (H,,4, ~ 13,000 oersted). 

At a temperature of — 37° (Fig. 4b) a great differ- 
ence is observed between the values for the mag- 
netization and the residual magnetization in “weak” 
fields. Thus, for example, in a field of 2000 oersted, 
I/I, = 0.88, but /,/I, = 0.32. The magnetization 
reaches saturation in a field H, = 3000 oersted, but 
to reach the maximum value of the residual magnet- 
ization even a field of 14,000 oersted is not suffi- 
cient. The maximum value of the residual magnetiz- 


ation is close to the saturation magnetization. At a 
temperature of — 60° (Fig. 4c) the maximum value 

of the residual magnetization is equal to /,/Is= 0.19. 
The field H,,, is roughly equal to the field H, 

and is about 4000 oersted. 

Hence, along the axis of the texture of the speci- 
mens of fine powder of the alloy MnBi, when the 
temperature is lowered, (a) the process of magnetiz- 
ing the specimen is made easier (H, is reduced); 
(6) the value of the residual magnetization is reduc- 
ed; (c) the ratio between the saturation field H, 
and the field in which the maximum value for the 
the residual magnetization 1 ,, is reached, 


changes. At certain temperatures 1 | become less 


than H 
m 


ax’ 
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4. ANALYSIS OF THE RESULTS 


As was shown above, in isotropically shaped 
ferromagnetic particles the critical size of single 
domain texture d, is in the main determined by the 
quantities K and /,. In the alloy MnBi in the temper- 
ature interval from + 20 to — 150° the value of K 
decreases rapidly (at 20°K ~ 10’ erg/cm*, at — 150° 
K ~ 10° erg/cm’), while the quantity /, changes 
only slightly. Hence, the quantity d, also decreases 
rapidly in this temperature interval. From this it 
follows that if at 20° small particles of MnBi alloy 
have a single domain texture, it is possible by 
lowering the temperature to obtain a transitional or 
multi-domain texture in these particles, which will 
also be accompanied by the corresponding change in 
the magnetic properties which are determined by the 
processes of technical magnetization. 

Starting from these concepts one can explain the 

change in the nature of the anisotropy curves H, 
(fd) shown in Fig. 2. The point is that according to 
theoretical calculations the curve for magnetically 
uni-axial specimens should be of a different shape 
in the case of multi-domain (curve 6 in Fig. 1) and 
single-domain (curve a in Fig. 1) magnetic texture 
[5]. 

Comparison of the theoretically calculated with 
the experimental curves (Fig. 1) shows that at room 
temperature an angular dependence of the coercive 
force is observed which is characteristic for single- 
domain particles. For small values of the angle d 
the relative change in the value of H, in the exper- 
imental curves is less than in the theoretical curve. 
This indicates a certain difference in the magnetic 
structure of the particles from a single-domain struc- 
ture. When the temperature is lowered the experi- 
mental curves differ more and more from curve a, 
although down to — 40° the basic regularity is pre- 
served, namely the decrease in the coercive force 
with increasing angle ¢. The curves for the depend- 
ence of H., (¢) at low temperatures approaches the 
theoretical curve b, i.e. an angular dependence 
characteristic for particles with multi-domain struc- 
ture. Hence, in the measure in which the critical 
particle size d, decreases on account of the de- 
crease in the quantity K, a reforming of the magnetic 
structure from a single — into a multi-domain struc- 
ture is observed. 

These concepts are also confirmed by investiga- 
tions made on specimens with different powder 
particle sizes. Indeed, at one and the same temper- 
ature the curve H. (¢) can have a different form de- 
pending on the size of the particles (Fig. 2). Ata 
temperature of — 65° in specimens of fine powders 


the angular dependence of the coercive force cor- 
responds to a magnetic structure which is close to 
the single-domain structure. At the same tempera- 
ture in specimens of larger grained powders (6 and 
20) the angular dependence of the coercive force 
is of a different nature and approaches H, (¢) for 
uni-axial ferromagnetics with multi-domain structure. 
Hence, when the particle size decreases, a change 
in the nature of H, (¢) is observed which corres- 
ponds to an approximation to a single-domain mag- 
netic structure. 

The transition from a single — to a multi-domain 
structure when the critical particle size decreases 
is also confirmed by the decrease in the residual 
magnetization along the axis of the texture with 
decreasing temperature (Fig. 3), which is evidently 
caused by the appearance of locking areas and 
areas with reverse magnetization. 

In the case of a single-domain structure the re- 
sidual magnetization along the axis of the texture 
should be equal, or in a real specimen close to the 
saturation magnetization. Besides, in a single- 
domain structure the saturation magnetization and 
the maximum residual magnetization should be 
reached in one and the same fields. As Fig. 4a 
shows, at room temperature ///, and /,/I, reach 
their maximum values in a field of 15,000 oersted, 
and /,/], = 0.96. At a temperature of — 37°, however, 
the nature of these curves changes completely 
(Fig. 4b), namely, H,,, >H,. This regularity can 
be understood if it is assumed that at the given 
temperature the powder particles have a transitional 
structure. In the case of such a magnetic structure 
the process of magnetic reversal in individual hyster- 
esis cycles occurs on account of the growth of the 
nuclei of reverse magnetism and the shift in the 
boundaries and at the maximum hysteresis loop, 
where all nuclei of magnetic reversal have already 
been destroyed by the field, on account of irrevers- 
ible rotation. The proposal of a transitional structure 
of such a type is confirmed by visual observation 
of the domain structure with the aid of powder figures 
on small grains of the alloy MnBi [4]. At lower 
temperatures (below — 50°) only processes of growth 
of the nuclei of magnetic reversal occur evidently 
along the axis of texture together with shifts in the 
boundaries, hence >H,. This also explains 
the low value for the residual magnetization (Fig. 4b). 


5. CONCLUSIONS 


On the basis of a study of the temperature depend- 
ence of the magnetic properties of textured speci- 
mens of fine powders of MnBi alloy in the tempera- 
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ature interval from + 20 to — 150° it is found that 
when the temperature is lowered the following re- 
gularities are observed: 

(1) A change in the nature of the angular depend- 
ence of the coercive force expressed in the fact that 
the lower the temperature of the specimen, the more 
the curves of the angular dependence of the coercive 
force differ from the theoretical curve H, (¢) calcul- 
ated for the case of a single-domain structure. This 
change in the angular dependence is caused by the 
decrease in the anisotropy parameter when the tem- 
perature is lowered, as a result of which the critic- 
al size of the particles decreases and the magnetic 
structure of the particles is transformed from a 
single-domain into a multi-domain structure. 

(2) A change in the nature of the curves of the 
magnetization and the curves of the dependence of 
the residual magnetization in individual cycles on 
the strength of the maximum magnetic field along 
the axis of texture. For higher values of the aniso- 
tropy parameter (greater critical size) the value of 
the residual magnetization in individual cycles is 
close to the corresponding value of the maximum 


magnetization of the given cycle, and the maximum 
value of the residual magnetization is reached in 
the field of saturation (the magnetic structure comes 
closest to a single-domain structure). For smaller 
values of the anisotropy parameter, i.e. when the 
critical size is reduced, the maximum value of the 
residual magnetization which remains close to the 
saturation magnetization is reached in a field greater 
than the field of saturation (transitional structure). 
For small values of the anisotropy parameter, i.e. 
small values of the critical size, the value of the 
residual magnetization is small and reached in a 
field weaker than the field of saturation (multi- 
domain structure). 

On the basis of the results obtained it is shown 
that it is possible to make a qualitative judgment 
on the magnetic structure in magnetically uni-axial 
ferromagnetics and on its change under the effect 
of various influences from certain magnetic char- 
acteristics. 


Translated by B. Ruhemann 
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ON THE REFORMING OF THE DOMAIN STRUCTURE OF MAGNETICALLY UNI-AXIAL 
FERROMAGNETICS IN A MAGNETIC FIELD* 
Ia.S. SHUR, Ye.V. SHTOL’TS and A.A. GLAZER 
Institute of Physics of Metals of the Academy of Sciences of the U.S.S.R. 
(Received 21 August 1959) 


The visual domain structure of ferromagnetics, 
including magnetically uniaxial ones, has been 


most fully studied with the method of powder figures. 


As we know, with this method it is assumed that 
the magnetic powder collects around the boundaries 
between the domains and thereby renders the domain 
structure on the surface of the ferromagnetic speci- 
men visible. If by some external action the surface 
domain structure is altered the powder will shift to 
the new positions of the domain boundaries [1]. In 
the study of magnetically uni-axial single crystal 
of cobalt it was found, however, that the magnetic 
powder behaved in an unusual manner. If one re- 
gards the powder figures on that surface of the spe- 
cimen which contains the hexagonal axis (the axis 
of easy magnetization), one sees the parallel lines 
of the boundaries between the domains with anti- 
parallel orientation of the vector of magnetic satur- 
ation /,. The boundary lines are parallel to the 
hexagonal axis. On switching on a field parallel to 
the easy direction one observes a change in the 
position of the boundaries caused by the shifting 
processes which follow from the well known con- 
cepts on the re-forming of the domain structure in a 
field. When a field is switched on which is perpen- 
dicular to the easy direction one set of lines (every 
other one) begins gradually to become weaker while 
the other set hardly changes or even becomes a 
little stronger; in strong fields the first set of lines 
disappears completely [2]. This behaviour of the 
powder figures is unusual and cannot be explained 
from the point of view of the present concepts on 
domain struc ture. 

We have observed a similar effect on crystals of 
the magnetically uni-axial alloy MnBi. Fig. 1 shows 
photographs of powder deposits obtained on a cryst- 
al of MnBi alloy in which the hexagonal axis (the 
axis of easiest magnetization) almost coincides 
with the surface of the specimen. 


* Fiz. metal. metalloved., 8, No. 5, 685-688, 1959, 


As can be seen from Fig. la, in the absence of 
an external field the entire crystal is divided into 
domains the boundaries of which (made visible by 
the black lines formed by the powder deposit) separ- 
ate the regions with anti-parallel orientation of the 
magnetization /s-When a field perpendicular to the 
orientation of J, is switched on and gradually in- 
creased in strength (Fig. 1b) on some boundaries 
the area of the powder deposit becomes broader, on 
others it becomes narrower. On further increasing 
the field strength (Fig. lc) the weakening set of 
lines disappears almost completely. Such a re- 
forming of the domain structure contradicts the 
generally accepted concepts and therefore casts 
doubt on the correctness of the judgments on the 
domain structure of the surface of the crystal from 
the shape of the powder deposits. For this reason 
the study of the domain structure in the present 
paper was conducted not only with the method of 
powder figures but also with the help of the magneto- 
optic polarization of the Kerr effect [3]. With this 
method it is not the boundaries of the domains which 
are made visible (as is the case with the method of 
the powder figures) but the surface of the domains 
themselves. 

The results we obtained with the help of the 
Kerr effect are shown in Fig. 2. Fig. 2a represents 
the photographs of the same domain structure as 
Fig. la. The dark and light bands correspond to 
the regions with anti-parallel orientation of & 
From a comparison of Fig. la and 2a by means of 
superimposing a tracing made from the second 
figure on the first it is apparent that the boundaries 
between the dark and light regions coincide accurat- 
ely with the boundaries made visible by magnetic 
suspension. The application of a field perpendicu- 
lar to the boundaries, under the influence of which 
the powder deposit on the boundaries becomes 
different in width (Fig. 1b) doest not cause a 
change in the domain structure shown in Fig. 2a. 
On further increasing the field strength until the 
powder deposits on one set of lines disappears 
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FIG. 1. Change in the powder figures on a MnBi crystal in a magnetic field applied 
perpendicularly to the easy direction (the direction of the field is horizontal); 


x 350: 


a — demagnetized; b — H = 600 oersted; c — H = 3000 oersted. 


FIG. 2. Domain structure revealed with the help of the Kerr effect, 
for the same case as in Fig. 1; x 350: 
a — demagnetized; b — H = 3000 oersted. 


(Fig. 1c), the form of the domain structure obtained 
with the help of the Kerr effect hardly changes at 
all (Fig. 2b). 

To compare the pictures obtained by the two 
methods it proved very convenient to make simulta- 
neous observations of the domain structure with the 
aid of magnetic suspension and with the Kerr effect. 
If one observes the domain structure in a polariza- 
tion microscope with the aid of the Kerr effect and 
at the sarre time covers the specimen with a mag- 
netic suspension, then besides the dark and light 
domain surfaces made visible by the polarized light, 
the powder deposits on the boundaries between the 
domains will also become visible. The results of 
such a simultaneous observation of the domain 
structure by two independent methods on the surface 


of the earlier described MnBi crystal are shown in 
Fig. 3. 

Fig. 3a shows the domain structure of a crystal 
in the demagnetized state. The dark and light bands 
correspond to the domains with anti-parallel orienta- 
tion of the vector J, shown up with the help of the 
Kerr effect; the black lines are the powder deposits 
along the boundaries between the domains. These 
powder boundaries coincide with the positions of 
the boundaries shown up with the aid of the Kerr 
effect. When a field perpendicular to I, in the 
domains is switched on (Fig. 3b) it is seen that 
narrow and broad powder deposits appear on the 
boundaries between the domains which are shown up 
by the Kerr effect. In strong fields (Fig. 3c) the 
thin boundaries shown up by the powder disappear; 
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FIG. 3. Simultaneous showing up of the domain structure with powder figures and 
with the Kerr effect for the same case as in Fig. 1; x 350: 
a — demagnetized; b — H = 600 oersted; c — H = 3000 oersted. 


at the same time, to judge by the form of the domain 
structure revealed by the Kerr effect, the boundaries 
between the regions continue to exist. It follows 
from these experiments that in strong fields the 
method of the powder figures does not show up the 
domain structure in magnetically uniaxial crystals 
when they are magnetized in a direction perpendi- 
cular to that of light magnetization. One of the pos- 
sible causes of this effect may be the interaction 
of the external magnetic field with the ferromagnetic 
particles of the suspension, as is pointed out in 
paper [2]. The possibility is not, however, exclud- 
ed that we have here a case of more complex pro- 
cesses which occur on the boundary itself. 

The observations of the change in the domain 
structure made by us with the help of the Kerr effect 
in fields perpendicular to the light direction showed 


that in weak fields the domain structure hardly 
changes at all. In the measure in which the field 
strength increases individual domains become 
contorted and split into parts, gradually disappear- 
ing in the measure in which saturation is approach- 
ed. This enables us to suggest that the process of 
magnetization in a magnetically uniaxial ferromag- 
netic when the orientation of the external magnetic 
field is perpendicular to the light direction is not 
caused by the shifting of the boundaries but in all 
probability by a rotation of the magnetization 
vectors in each domain in the direction of the 


field. 


Translated by B. Ruhemann 
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ON THE DEPENDENCE OF THE FIELD OF A DEFECT OF THE CRACK TYPE ON 
THE THICKNESS OF THE COVERING METAL LAYER * 
V.V. VLASOV and R. Ye. YERSHOV 
Physics of Metals Institute of the Academy of Sciences of the U.S.S.R. 
(Received 31 March 1959) 


The question of the dependence of the field of a 
defect on the thickness of the metal layer covering 
the defect is of considerable important for the de- 
tection of defects in various ferromagnetic products. 
The field of a defect as a function of the depth at 
which it lies has been studied in the case of an 
artificial defect in the shape of a cylinder [1-4] 
and for a natural fatigue crack unsymmetrically 
placed in the head of a rail [5]. The field of arti- 
ficial defects of the cracktype has been studied 
in one paper [6], but not as a function of the depth 
at which it lies but only of the degree of uncover- 
ing of the defect (the ratio of the dimensions of the 
defect in the direction of the field to its dimension 
transverse to the field). 

At the same time there is a basis for expecting 
the field of the defect to decrease with decreasing 
thickness of the metal layer covering it. Thus, on 
the basis of experiments to study the dependence 
of a cylindrical defect on the depth at which it lies 
and taking certain theoretical considerations into 
account, Sapozhnikov [2] came to the conclusion 
that the field of scattering is affected not only by 
the walls of the defect, but also by the area of metal 
situated above the defect. With decreasing thickness 
of the covering the field of the defect should there- 
fore increase, but only until this area of metal is 
touched. In the case of an open defect, however, 
this area does not exist at all, and the field of the 
defect should be still less. 

To test these propositions work has been done 
[7, 8] with an artificial defect in the shape of a 
crack and with magnetically different covers [9]. It 
has been found that the field of a covered defect 
exceeds the field of an open defect if the covering 
is of a certain thickness (1.5 mm) [7] and that with 
increasing induction in the part,the former increases 
more rapidly than the latter [8]. 

It should be noted that the work described in 


* Fiz. metal. metalloved., 8, No. 5, 689-693, 1959. 


papers [7, 8] was done on one and the same speci- 
men. The defect in the shape of a transverse crack 
was imitated by the authors of these papers by a 
gap formed between the ends of two cylinders (of 
25 mm diameter) between which a paper washer of 
0.02 mm thickness was inserted. The covering of 
the defect was imitated by “sleeve” tubes of 1.5mm 
thickness, tightly fitted both to each other and to 
the surface of the cylinders. The specimen with the 
defect, with or without the cover, was pressed bet- 
ween the poles of a magnet in such a manner that 
the field was directed along the axis of the speci- 
men. In the experiments the tangentia! component 
of the field of the defect was measured by the bal- 
listic method. 

This method of investigation has, however, 
generally speaking, two shortcomings. In the first 
place, the covering of the defect is not a single 
whole with the material of the deficient part. Sec- 
ondly, it is not possible to control the size of the 
defect in the direction of the external field in the 
presence of the covering. It was therefore of inter- 
est to study the field of the defect as a function of 
the thickness of the covering metal layer in more 
correct conditions than those in the papers mention- 
ed above. The present paper describes investiga- 
tions of the field of a defect which are free from 
these shortcomings. 


SPECIMEN AND METHOD OF INVESTIGATION 


A plate of strongly cold hardness ferrosilicon 
containing 1 per cent silicon was used as the 
object to be magnetized. The dimensions of the 
plate were as follows: length 120 mm, width 80 mm 
and thickness 9 mm. 

The defect imitated a continuous transverse crack 
and was situated in the middle of the plate (Fig. 1); 
its length (across the plate was 25 mm, and the 
distance between the walls of the defect in the 
direction of the longitudinal axis of the plate was 
1.3 mm. 
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FIG. 1. Schematic drawing of the position of the defect in the plate, 

its position between the poles of the electromagnet and the orienta- 

tion of the cores of the probe during the measurements of the tangen- 
tial (a) and normal (6) components of the field of the defect. 


An electromagnet with pole shoes of 150 x 48 mm 
size served to provide the field; the specimen 
was clamped between the poles of the magnet 
as shown in Fig. 1. It should be noted that the 
electromagnet in the absence of the defect in 
the plate created a homogeneous magnetization 
in the middle part of the plate to within 60 mm 
of its length. 

The thickness of the covering layer was determin- 
ed from the distance between the lateral edge of the 
plate and the edge of the gap which imitates the 
defect. It was changed by planing off the correspond- 
ing layers from the lateral surface of the plate. 

The field of the defect is determined, as we 
know, by the relation 


H,=H—H,, 


where Hy is the field of the defect; Ho the primary 
field and H the resulting field. ni 

_, Iron probes were used to measure the fields H and 
H.. The cores of the probes were made from 4-79 
permalloy subsequently annealed in a vacuum and 
had a length of 6 mm and a diameter of 0.3 mm. The 
primary winding of the probes consisted of 350 turns, 
the secondary winding of 360 turns. The probes 
operated at a frequency of 10 kc/s with an exciting 
current of 15 mA. The measurements were made both 
on the rising and the descending branch of the grad- 
uating curve and the moment of transition from the 
one to the other was easily fixed from the inertness 
of the electromagnet. The probes permitted measure- 
ments of magnetic fields within a range of from 

2-3 to 300 oersted. 

A schematic drawing of the circuit of the iron 
probes is given in Fig. 2. The exciting current was 
controlled with the aid of the voltmeter 5. The 
readings of voltmeter 6 enabled the field in which 
the probe finds itself to be determined with the aid 
of a correspondingly graduated curve. The following 


quantities were measured in the experiments: 

1. The tangential component of the resultant 
field. For this purpose the probes were placed with 
their cores parallel to the lateral surface of the 
plate and moved along it until the maximum values 
were obtained. 

2. The tangential component of the primary field. 
For its determination the place where the normal 
component of the resultant field becomes zero was 
first found. For this purpose the probe with its 
cores was placed perpendicularly to the lateral sur- 
face of the plate and moved along it until zero was 
indicated. After that the probe was rotated in that 
place for the measurement of the tangential compon- 
ent of the field. 

3. The induction in the specimen. It was deter- 
mined in the same section of the plate where the 
measurement of the tangential component of the 
primary field was made. The induction was measur- 
ed with the ballistic method through the medium of 
one loop enveloping the plate, by means of reversing 
the current in the electromagnet. 


RESULTS OF THE EXPERIMENT AND 
DISC USSION 


Fig. 4 shows the curve of the dependence of the 
field of the defect on the induction in the plate for 
various thicknesses of the cover over the defect. 
The curves given in this figure show that the field 
of the defect increases uniformly with decreasing 
thickness of the cover. This is in agreement with 
the data for the field of the cylindrical defect [1-4] 
but differs from that obtained in papers [7-8]. With 
the object of discovering the causes of this differ- 
ence investigations were made to find out the degree 
of permanence of the width of the defect and the 
effect of any impermanence on the field of the defect. 
For this purpose we used the same cylindrical spe- 
cimen which had been used for the study of the 
field of the defect in papers [7, 8] in the absence 
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FIG. 2. Schematic drawing of the arrangement for measuring the fields: 
1 — of the 3G-10 generator; 
2 — of the iron probes; 
3 — filter tuned to a frequency of 20 kc/s; 
4 — resistance of 100 0); 
5 — and 6 — electronvoltmeters. 
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FIG. 3. Dependence of the tangential component of the FIG. 4. Dependence of the tangential component of the 
field H of the defect on the induction B in the plate field H of the defect on the induction B for specimens 
with a thickness of the cover of the defect of from paper [7] with a width of the defect of 0.24 mm: 
1—0; 2—2.5mm; 3— 7.4mm; 4 — 7.4 mm; 1 — in the absence of a cover; 
5 — 28.3 mm. 2 — in the presence of a cover of 1.5 mm thickness. 


and in the presence of a cover. were measured with the iron probes in the same 

1. The width of the defect in the direction of the order as in the case of the above described study of 
primary field was made to be 0.24 mm by inserting the field of the defect in the plate. The results of 
three layers of graph paper. Then the tangential this investigation are given in Fig. 4. The figure 
components of the resultant and the primary field shows that the field of an open defect is greater 
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FIG. 5. Dependence of the tangential component of the field H of the defect on the 
induction B in the same specimen as in Fig. 4: 
a — obtained with the method of the iron probes; 
b — obtained with the ballistic method. 


1 — in the absence of a cover; 


2 — in the presence of a cover of 1.5 mm and an additional washer between one of 
the cylinders which from the defect and the pole shoes of the electromagnet; 
3 — with the same cover, but in the absence of a washer between the cylinder and 


the pole of the electromagnet. 


than that of a defect covered with a layer of metal. 

2. The width of the defect in the direction of the 
primary field was 0.02 mm, but between the end of 
one of the cylinders which form the defect and the 
surface of the pole of the electromagnet a round 
disk of transformer iron of the same diameter as the 
cylinders and 0.35 mm thickness was placed. In this 
case the tube which covered the defect did not quite 
reach the surface of the pole of the electromagnet. 
The results of the investigation of the field of the 
covered defect in the presence and absence of the 
above mentioned washer are given in Fig. 5. 

The figure shows that the field of the open defect 
in this case, too, is greater than the field of the 
covered defect. It should be noted that curve 3 of 
Fig. 5 agrees with curve 2 in Fig. 4. The first refers 
to a width of the defect of 0.24 mm, the second to 
the same defect but a width of 0.02 mm. It follows 
from this that in the acsence of the 0.35 mm washer 
between the pole and the cylinder a movement of 
the cylinders away from other takes place under- 
neath the tube which covers them when the field is 


switched on, causing an increase in the distauce 
between them compared with the defect in the ab- 
sence of the cover. 

Thus, the increase in the field of the defect when 
the cover is put on it, which was observed in paper 
[7, 8], was the consequence of a change in the di- 
mensions of the defect in the direction of the extern- 
al field made possible because the sleeve was 
0.24 mm longer than the length of the two cylinders. 

3. The experiments made to obtain Fig. 5a were 
also repeated with the ballistic method. A flat 
measuring coil was used in this case, which had the 
following dimensions: 15.8 mm across the primary 
field and 5.2 mm in its direction. The centre of the 
coil was at a height of 4.3 mm above the surface of 
the specimen. The results obtained in this case 
are given in Fig. 5b. 

As this figure shows, the order of the position of 
the curves remains the same as in Fig. 5a, but the 
curves themselves are situated a little lower. This 
is apparently a result of the greater neutralization 
of the field in the ballistic measurements compared 
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with the neutralization of the field in the measure- 
ments with the iron probes, and also of the inert- 
ness of the electromagnet which increases the bal- 
listic error. 


CONCLUSIONS 


In this way it has been shown that the magnetos- 
tatic field of a crack defect increases with decreas- 


ing thickness of the cover, which is in agreement 
with data in the reference on the field of a cylindric- 
al defect. The results which differed from this, 
which were obtained in paper [7, 8] are the conse- 
quence of an experimental error. 

In conclusion we take the opportunity to express 
our gratitute to Professor R.I. [anus for certain 
critical comments. 


Translated by B. Ruhemann 
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THE THERMOELECTRIC PROPERTIES OF MAGNETITE IN THE TEMPERATURE 
REGION OF 80-400°K * 
A.A. SAMOKHVALOV and I.G. FAKIDOV 
Physics of Metals Institute of the Academy of Sciences of the U.S.S.R. 
(Received 15 May 1959) 


With the object of obtaining new information on the energy spectrum of the conductivity electrons 
of the ferromagnetic semiconductor magnetite, its thermoelectric properties were studied in the tem- 
perature region which includes both the region of the ordinary ferromagnetic state of magnetite and the 
region of the low temperature transformation. Certain data on the chemical potential of the group of 
conduction electrons and on the low temperature transformation of magnetite has been obtained. 


The question of the energetic spectrum and the 


nature of the interactions of the electrons of a ferro- 
magnetic which are responsible for its magnetic and 


electric properties is very important for the physics 
of ferromagnetism. The theoretical and experiment- 
al clarification of this question will make it pos- 
sible to solve a number of problems connected with 
the improvement of the properties of ferrites, in 


particular to explain the mechanism of their electric 


conductivity. 

The present paper, which is part of a series of 
investigations of the electric properties of mag- 
netite, gives the results of the study of its thermo- 
electric properties with the object of obtaining 
certain data on the energy spectrum of the conduct- 
ivity electrons and the low temperature transforma- 
tion in magnetite. 

We know that magnetite is a semiconductor and 
an uncompensated ferromagnetic. In the temperature 
region of ~ 118°K magnetite undergoes a transform- 
ation at which anomalies of the magnetic [3, 4], 
electric [4, 6], galvanomagnetic [4-6], thermal [2] 


and other physical properties are observed (see,e.g. 


[7, 9]). Thus, the investigation of magnetite in the 
temperature region of 80-400°K makes it possible to 
clarify the peculiarities of the energy spectrum of 
the conductivity electrons both in the region of the 
usual ferromagnetic state of magnetite and in the 
region of its low temperature transformation where 
the magnetic characteristics (for example the para- 
meter of the magnetic anisotropy) change rapidly. 


* Fiz. metal. metalloved., 8, No. 5, 694-699, 1959. 


SPECIMENS AND METHOD OF 
MEASUREMENT 


The thermo-e.m.f. was measured in six single 
crystal specimens of natural magnetite and one 
polycrystalline specimen. Specimens 1, 3, 4, 6 
were cut from one large octahedral single crystal 
of magnetite, specimens 2 and 5 from two other 
single crystals of magnetite. Specimens 1-6 had 
the form of disks of the approximate dimensions 
8.15 x 5.60 x 2.15 mm (specimen 4) and 9.20 x 
7.00 x 2.10 mm (specimen 6). The other specimens 
were of similar dimensions. The polycrystalline 


specimen 7 was considerably larger: 50 x 12x 6mm. 


During the measurements in the temperature 
region of 300-400°K the specimens were placed in 
a thermostat of the Gepler type. Beginning with the 
temperature of boiling nitrogen and above we used 
a cryostat similar to that described in [15]. This 
cryostat was altered a little so that measurements 
could be made in the gap between the poles of the 
electromagnet. 

The design of the cyostat and its main dimens- 
ions are given in Fig. 1. The cryostat consists of 
two Dewar vessels: an outer one J and an inner 
one 2 placed bottom upwards in the outer vessel 
and projecting outwards into the space between 
the poles of the electromagnet. A copper tube or 
rod 3, in the upper part of which the specimen 4 to 
be studied is mounted in section A, was placed 
inside the Dewar vessel 2. The furnace 5 of 10- 
20 W capacity was wound on the tube. When the 
outer vessel is filled with liquid nitrogen a gas 
bubble forms in the inner vessel which prevents 
liquid nitrogen from entering vessel 2. Some time 


after the vessel has been filled with liquid nitrogen 
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FIG. 1. Schematic drawing of cryostat. 


the specimen 4 has cooled down to a temperature 
close to that of boiling nitrogen. 

By changing the strength of the current in the 
furnace 5 (fed from a ferroresonance stabilizer) one 
can evenly change the temperature of the specimen 
to 300-400°K. 

Fig. 2 shows the details of the arrangement for 
measuring the thermo-e.m.f. force. The difference in 
the temperatures on the specimen was created by 
the furnace b wound on the copper olock c. The 
magnetite specimen a was soldered to the copper 
block and together with it was then placed in the 
gap of the upper part of the tube of the cryostat. 
The temperatures of the joints were measured by 
two copper-constantan thermocouples d soldered to 
the lateral edges of the specimen away from the 
main heat flow. 

For the measurement of the thermo-e.m.f. force 
on specimen 7 (which was 50 mm long) the furnace 
creating the temperature difference AT was wound 
directly on the specimen. The thermocouples were 
also soldered to the lateral edges of the specimen. 
The specimen with the furnace and the thermo- 


FIG. 2. Schematic drawing of arrangement for measuring 
the coefficient of the thermo-e.m.f. 


couples, surrounded by a second furnace for the 
changing of the temperature of the specimen as a 
whole, was placed in a test tube which in turn was 
placed in the Dewar vessel with liquid nitrogen. 
The thermo-e.m.f. and the temperature of the 
joints of the specimens were measured by the com- 
pensation method with the aid of a low resistance 
potentiometer. By preliminary experiments the 
absence of a dependence of the coefficient of the 
thermo-e.m.f. a on the difference in the temperatures 
AT of the joints was established (see Fig. 3). The 
figure shows that for AT > 1° the coefficient of the 
thermo-e.m.f. does not depend on the difference in 
the temperatures of the joints. During the measure- 
ments in the temperature region of liquid nitrogen 
the temperature difference was usually 3-5°, and at 
higher temperatures 8-10°. The error of measurement 
of a at liquid nitrogen temperature was roughly 
15 per cent and at higher temperatures 5-8 per cent 
The electric resistance of the specimens was 
measured simultaneously with the measurement of 
the thermo-e.m.f. in order to establish the correla- 
tion between these characteristics. The temperature 
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FIG. 4. Temperature dependence of the coefficient of the thermo-e.m.f. 
of a single crystal of magnetite (specimen | ). 


dependence of the initial magnetic permeability 
was also measured on certain specimens in order to 
determine the temperature of the transition from the 
jump in the magnetic permeability. 


RESULTS OF THE MEASUREMENTS 


All magnetite specimens had a negative sign of 
the thermo-e.m.f. corresponding to electron conduct- 
ivity. 

The results of the measurement of the thermo- 
e.m.f. in a single crystal of magnetite (specimen!) 
in the temperature region of 90-400°K are given in 
Fig. 4. In the region of room temperatures a changes 
slightly, then on lowering the temperature reaches 
a maximum and again decreases. The measurements 
of the thermo-e.m.f. in the other single crystal spe- 
cimens gave a similar result. The maximum mention- 
ed above occurs at a temperature of 95 + 2°K. 

Fig. 5 shows the results of the measurement of 
the temperature dependence of the thermoelectro- 
motive force and the electric resistance of magnet- 
ite (specimen 6) in the region of the low temperature 
transformation. The figure shows In r and a as func- 
tions of the reciprocal temperature (10°/7). The 
position of the maximum of a coincides with the 
break B in the curve In r (10°/7) at the transition 


into the temperature region lying below the region 
of the low temperature transformation. The other 
limit of the region of the transformation, as can be 
seen from the break A in the curve In r (10°/7), 
occurs at the temperature of 114+ 2°K. A similar 
correlation was also observed for the other mag- 
netite specimens. The magnetic permeability of 
these specimens changes at a temperature of 
109 + 2°K. 

The results of the measurements of the electric 
resistance and for specimen 7 are given in Fig. 6. 

The absence of a jump in the resistance (there is 
only a break) at the transition temperature, equal 
here to 109 + 1°K correlates with the absence of a 
sharp increase in a when the specimen is cooled in 
the region of the low temperature transformation. On 
cooling below the temperature of the transformation 
the quantity a for specimen 7 decreases sharply. 
The absence of a noticeable jump from the curve 
1n r (10°/T) for specimen 7 is apparently due to the 
fact that its chemical composition differs noticeably 
from the stoichiometric. Bearing in mind the results 
of papers [8, 10] on the connexion of the size of the 
jump and the temperature of the transition with the 
deviation of the chemical composition of the speci- 
men from the stoichiometric, one can approximately 
estimate that for specimen 7 Fe,0,/Fe0 = 1.05, 
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FIG. 5. Coefficient of the thermo-e.m.f. and the electric 
resistance of magnetite in the region of the low temper- 
ature transformation (specimen 6). 


while for the composition of specimen / this ratio 
is considerably closer to one. 

Hence, we find: 

1. In a wide temperature region of the usual ferro- 
magnetic state of magnetite the coefficient of the 
thermo-e.m.f. a is constant (with an accuracy of up 
to 5-8 per cent ) and compared with other semi- 
conductors small: 50-80 » V/degree. 

2. In the region of the low temperature transform- 
ation the quantity a increases (which correlates with 
the jump in the curve for the electric resistance). 
The size of this effect is apparently linked with the 
deviation of the chemical composition of the mag- 
netite specimen from the stoichiometric. 

3. On cooling below the temperature region of the 
transformation the quantity @ drops sharply for all 
specimens. 


DISCUSSION OF THE RESULTS 


At the present time the absence of a consistent 
multi-electron theory of electric (in particular 
thermoelectric) phenomena in ferromagnetics makes 
it very difficult to interpret our results. The appli- 
cation of the kinetic theory of semiconductors can 
in this case evidently not be regarded as valid, for 
a number of reasons. In paper [16] it was, e.g. 
shown that the conductivity electrons in magnetite 
have low mobility (several cm?/sec) at room temper- 
ature). But for substances with such low mobility 
the conclusions of the kinetic theory [1] lose their 
meaning. Another reason is the presence of anti- 
ferromagnetic bonds in magnetite which cannot be 
consistently accounted for with the single electron 
theory, but which can materially affect the energy 
spectrum of the conductivity electrons. Finally, 
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FIG. 6. Coefficient of the thermo-e.m.f. and the 
electric resistance of magnetite 
(specimen 7). 


Verwey’s hypothesis suggests a mechanism for the 
electric conductivity in magnetite which differs es- 
sentially from the usual semiconductor mechanism 
of the electric conductivity with great length of the 
free path which lies at the basis of the kinetic 
theory. 

One can, however, attempt to obtain data on the 
chemical potential of a group of conduction electrons 
by using the thermodynamic relations between the 
coefficient of the thermo-e.m.f. a and the flux of 
electrons S [1, 14] 


where €* is the average reduced energy of the elec- 
trons which take part in carrying the cur- 
rent (in &T units) [11]; 
p* is the reduced chemical potential (in kT 
units); 
kis the Boltzmann constant; 
e is the electronic charge. 

In estimating the size and temperature dependence 
of the chemical potential from formula (1) it is ne- 
cessary to bear in mind the possibility of a strong 
degeneration of the electron gas in magnetite, which 
is indicated by the low value of a and its constancy 
in a temperature region and also by the predominant- 
ly ion nature of the chemical bonds in magnetite 
and the fact that the temperature region investigated 
is a region lying below the Debye temperature of 
magnetite. (Using the data of the paper on the tech- 
nology of magnetite [2] one can estimate the Debye 
temperature as 540°K. The estimate of the Debye 
temperature from the elastic properties of magnetite 


gave 500°K). 
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Using the graphic solution of equation (1) given 
in [13] the following result was obtained. In the 
temperature region above 200°K the chemical poten- 
tial has a positive value independent of the temper- 
ature, corresponding to a strong degeneration of the 
conductivity electrons in magnetite. When the tem- 
perature is lowered to below 200°K the chemical 
potential is reduced and in the region of the low 
temperature transformation goes over into the region 
of negative values which indicates a reduction in 
the degeneration. The result obtained for the strong 
degeneration of the conductivity electron collect- 
ive is in agreement with the high concentration of 
the conductivity electrons of 10?° cm™’ obtained from 
the measurement of the Hall effect in magnetite 
{12, 16]. Thus, the measurement of the thermo-e.m.f. 
also confirm the result concerning the low mobility 
of the conductivity electrons (a few cm?/sec) and 
its sharp drop when the temperature is raised, which 
was obtained from the Hall effect and the electric 
conductivity [16]. 

In the region of the low temperature transformation 
the coefficient a has a sharp anomaly. In attempt- 
ing to interpret this anomaly one must bear in mind 


the parallel measurements of the electric resistance 
of magnetite. The comparatively sharp increase in 
the coefficient in the region of the transformation is 
apparently determined by the rapid decrease in the 
concentration of the conductivity electrons with 
electron ordering, which, according to Verwey’s 
hypothesis, occurs in the low temperature transform- 
ation. The change in the temperature curve of the 
coefficient a below ~ 95°K indicates a considerable 
change in the energy spectrum of the conductivity 
electrons in the low temperature transformation. 
Comparison of the data of the parallel measure- 
ments of the thermo-e.m.f. and the electric resistance 
indicates that the anomaly connected with the low 
temperature transformation occurs 14-15° lower than 
the temperature of the transformation in magnetite. 
This is confirmed by the measurements of the Nernst- 
Ettinghausen thermomagnetic effects in magnetite 


(17]. 


Translated by B. Ruhemann 
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X-RAY STUDY OF THE TEMPERATURE DEPENDENCE OF DEFECTS IN THE 
CRYSTAL LATTICE OF METALS* 
G.A. SIRENKO and V.I. KHOTKEVICH 


Kharkov State University 
(Received 4 June 1959) 


The mean linear size of the areas of coherent scattering and the microstrains in Al and Pb 
plastically deformed in the temperature interval of from 90-293°K was studied with the method of 


harmonic analysis. 


It is shown that when the temperature of the deformation is changed, the size of the areas of 
coherent scattering changes in such a way that (a) for every degree of deformation there exists a 
certain temperature limit above which deformation does not produce an observable decrease in the 
area of coherent scattering; (b) this temperature is the higher, the lower the degree of deformation 


and vice versa. 


The residual microstrains in the lattice which emerge are linked with the temperature of the 
deformation in a similar manner. A certain limiting deformation corresponds to each deformation 
temperatures; for greater deformations no residual microstrains develop. 


1. In previous papers [1, 2] it has been shown 
that a reduction in the temperature of the deforma- 
tion causes a marked reduction in the size of the 
areas of coherent scattering (a.c.s.) and a growth in 
the microstrains. 

It was of interest to make detailed study of the 
nature of the dependence of these properties of the 
temperature of the deformation in a large tempera- 
ture interval, particularly for small deformations. 

2. Large specimens of technically pure aluminium 
and spectrally pure lead were plastically deformed 
by uniaxial compression at 90, 195, 255 and 293°K. 

Immediately after dz2formation, without heating in 
between, the specimen was placed in a low temper- 
ature camera [1] and during the X-ray photograph 
was kept at the temperature of liquid oxygen to 
prevent relaxation. 

The X-ray photographs were taken with copper 
radiation by the back reflection method, using a 
sharp focus X-ray tube in which the size of the 
focal spot could be adjusted. The aluminium line 
(511) and the lead line (620) were studied. 

The mean linear size of the areas of coherent 
scattering and the microstrains were determined 
with the method of harmonic analysis of the form of 
the interference line. 

The method of X-ray photography and the treat- 
ment of the results have been described in greater 


* Fiz. metal. metalloved., 8, No. 5, 700-704, 1959. 


detail earlier [2]. 

3. Figs. 1a and 2a show the curves of the mean 
linear size of the a.c.s. as a function of the amount 
of deformation for the metals studied at the above 
mentioned temperatures. As can be seen from the 
figures (and was noted earlier [2] ), the lowering of 
the temperature of deformation reduces the linear 
size of the areas of coherent scattering. 

A certain difference in the numerical data compar- 
ed with those published earlier [2] must evidently 
be ascribed to the fact that in this work a different 
crystallographic direction was studied (the photo- 
graphs were taken with a different radiation). The 
existence of an anisotropy in the distribution of the 
sizes of the areas of coherent scattering over dif- 
ferent crystallographic directions has not been 
reported, but is quite probable. This suggestion is 
confirmed by the data of paper [3] in which the 
presence of a marked anisotropy of the micro- 
deformations for different crystallographic directions 
was observed. An important role is probably also 
played by differences in the purity of the original 
specimens and by the considerable margin of error 
of the method of calculation itself. 

Figs. 1b and 2b show the dependence of the 
mean linear size of the areas of coherent scatter- 
ing D on the temperature of deformation. As can 
be seen from the figures, the size of the areas of 
coherent scattering decreases continuously with 
decreasing temperature of deformation. When this 
dependence is plotted in semi-logarithmic 
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FIG. 1. a — Mean linear size oi the areas of coherent scattering of aluminium 
as a function of the degree of deformation \d/d for various tem- 
peratures of deformation; 

1 — 293°, 2 — 255°, 3 — 195°, 4— 90°K. si 

b — Mean linear size of the areas of coherent scattering D as a func- 
tion of the temperature of deformation for varying degrees of de - 
formation; 
1 — Ad/d = 2%; 2 —Ad/d = 5%; 3 — Ad/d = 10%; 4 — Ad/d = 20%; 
5 — Ad/d = 40%. 
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FIG. 2. a — Mean linear size of the areas of coherent scattering of lead as a 
function of the degree of deformation Ad/d at various tempera- 


tures of deformation; 
1 — 293°, 2 — 255°, 3— 195°, 4— 90K. 

b — Mean linear size of the areas of coherent scattering of lead Das 
a function of the temperature of deformation at varying degrees 
of deformation; 


1 — Ad/d = 2%; 2 —Ad/d =5%; 3—Ad/d = 10%; 4 — Ad/d = 20%; 
5 — Ad/d = 40%. 


co-ordinates it is seen that the points of each curve _ greatest size of the areas of coherent scattering 

lie fairly well on a straight line which can be ex- observed in experiments for the equilibrium size. 
trapolated to its intersection with a line, parallel Fig. 3 shows this dependence for aluminium. The 
to the axis of the abscissae, which corresponds to lower limit for the equilibrium size of the areas of 
the equilibrium size of the areas of coherent scat- coherent scattering in the figure corresponds to the 
tering in the original material. Since there are no greatest size D observed in experiments (for speci- 
data on this size, we adopted conventionally the mens deformed at 500°K). The figure shows that the 
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FIG. 3.Ln D (D being the mean linear size of the areas of coherent scattering) as a function 
of the temperature of deformation for varying degrees of deformation; 
1 — Ad/d = 2%; 2 —Ad/d =5%; 3 —Ad/d = 10%; 4 — Ad/d = 20%; 5 — Ad/d = 40%. 
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of lead as a function of the degree of deformation at various temperature of de- 


formation; 


1— 90, 2— 195°, 3— 255°, 4 — 295°K. 
b — Mean relative of deformation for varying degrees of deformation; 


ation for varying degrees of deformation; 
1 — 30%; 2— 20%; 3-— 10% 4—5%; 5 — 3%. 


straight lines which correspond to various deforma- 
tions intersect the line of the equilibrium size of 
the areas of coherent scattering at different temper- 
atures, which are the lower, the greater the degree 
of deformation*. 


* The fact that we do not know the true equilibrium size 
of the areas of coherent scattering in the original mater- 
ial is irrelevant, for one can easily see that this will 
only slightly shift the point of intersection without 
changing the nature of the regularity itself. 


The point of intersection evidently determines 
the temperature of deformation above which deform- 
ation to the given or a greater degree does not 
cause any reduction in the areas of coherent scatter- 
ing. In other words, an increase in the degree of de- 
formation causes a lowering of the temperature of 
deformation at which a reduction in the areas of 
coherent scattering ceases to be observed. 

A low degree of deformation causes a reduction 
in the areas of coherent scattering at higher temper- 
atures of deformation and vice versa, a greater 
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FIG. 5. Dependence of the microstrains 


Vie 


on the degree of deformation Ad/d in aluminium specimens 


deformed at various temperatures; 
1—9F, 2— 195°, 3 — 255°, 4 — 293K. 


deformation has no effect on the sizes D at lower 
temperatures. Data given in the literature on the 
dependence of the recrystallization temperature on 
the degree of deformation [4] in essence confirm the 
conclusion drawn here which is easy to understand 
if one bears in mind that at greater degrees of de- 
formation the overwhelming part of the work of de- 
formation is transformed into heat so that the relax- 
ation processes occur to a considerable extent in 
the course of the deformation itself. This viewpoint 
is in agreement with the data of paper [5] where it 
is shown that for small degrees of deformation vir- 
tually all the work spent on deformation is transform- 
ed into the energy of the defects of the crystal lat- 
tice. With increasing degree of deformation the 
relative absorption of energy is sharply reduced. 
This is clearly confirmed by the observations on 
lead. The deformation of lead to 40-60 per cent at 
room temperature (photograph at 90°K), as was to 
be expected, yields sharp lines in the X-ray photo- 
graph which do not differ from the lines of the stand- 
ard. Deformation to 2-3 per cent however, causes a 
marked washing of the reflections. 

4. Besides the size D the values of the absolute 


V 


and relative deformation 


were also calculated. The nature of the changes in 


these quantities when the temperature of deforma- 
tion is reduced agrees with the data of paper [2]: 
the lowering of the temperature of deformation con- 
tinually increases 


V €. 


By means graphic integration and averaging over 
the depth of the column (600 and 800 A for lead 
and aluminium respectively) the value of the mean 
relative deformation € was calculated. The curves 
for the dependence of this quantity on the degree of 
deformation for specimens of lead deformed at 
various temperatures are given in Fig. 4. As the 
figure shows, for each temperature of deformation 
there exists a clearly marked region of deformations 
for which residual microstrains still exist. The 
lowering of the temperature of deformation widens 
this region so that at a temperature of deformation 
of 90°K it becomes impossible to stipulate a de- 
formation at which there are no strains at all. This 
conclusion is in complete agreement with the con- 
clusion drawn regarding the connexion of the sizes 
of the areas of coherent scattering with the degree 
of deformation and the temperature of deformation. 
Using the value for ¢ it is easy to calculate the 
average size of the microstrains. For the correct 
calculation it is evidently necessary to use the 
value of the elasticity module which corresponds to 
the given crystallographic direction and tempera- 
ture. This is proved possible to do for aluminium 
[6-8]; the results of this calculation are given in 
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= for various temperatures of deformation. 
is plotted as a function of the degree of deformation 


Fig. 5 where 
Translated by B. Ruhemann 
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SOME PECULIARITIES IN THE STRUCTURE OF ANOMALOUS EFFECTS IN POWDER 
DIFFRACTION PATTERNS OF AGEING Al-Ag and Al-Ag-Cu ALLOYS * 
R.R. ZAKHAROVA and N.N. BUINOV 
Institute of Physics of Metals of the Academy of Sciences of the U.S.S.R. 
(Received 7 February 1959) 


The technique of anomalous scattering of X-rays 
serves as one of the effective methods of investigat- 
ing structural changes associated with the process 
of supersaturated solid solutions breakdown. The 
method enables a correct interpretation to be made 
of the anomalous effects in the region of anomalous 
scatter (R.A.S.). In order to obtain additional in- 
formation about the structure of the anomalous 
scatter region in a crystal undergoing the process 
of ageing, an analysis was made of the effects of 
anomalous scatter on the radiograms of the Al-Ag 
and Al-Ag-Cu alloys. 

Powder diffraction patterns of coarsely-quenched 
specimens of the Al-Ag (20 % Ag) and Al-Ag (20%)- 
Cu (0.1, 1.0 and 5% Cu contents)t show anomalous 
effects in the form of diffused spots and halos. 
After a short preliminary ageing, their intensity in- 
creases and the extent of them decreases. It was 
established in investigations [1] that, in the reci- 
procal space, there correspond to these effects 
certain regions of anomalous scatter in the shape of 


full spheres with the intensity maximum in the centre. 


On the basis of work [2], each of the spheres is 
regarded as being formed in consequence of a super- 
imposition of two anomalous scatter regions on 
each other, the regions being spherical in shape but 
having different dimensions. One of them is condi- 
tioned by equi-axial Guinier-Preston zones, enrich- 
ed with silver atoms, and the other depends on the 
dimensions and form of the matrix distortion regions 
in which the zones are situated (“hole” effect). In 
consequence of a small difference in crystalline 
lattice constants of the crystals in the matrix and 
in the zones, the anomalous scatter regions overlap 
one another. Hole and the Guinier-Preston zones 
produce an anti-phase type of X-ray scatter and 
therefore the overall intensity value is determined 
by the difference of the mean scatter capacity of 


zone atoms and that of the basic crystal lattice. 
Owing to different extents of the anomalous scatter 
regions of the zones and holes, the resultant distri- 
bution of the intensity around the centres of the 
reciprocal lattice assumes the form of a full sphere 
with intensity maximum corresponding to the sphere 
centre. The size of holes is greater than that of 
zones, because of a transitional layer, which exists 
between zones and the matrix. 

The anomalous scatter regions which correspond 
to holes and are associated with crystal centres of 
the solid solution reciprocal lattice, were referred 
to by Elistratov as “type 1 regions”, while the 
anomalous scatter regions corresponding to the 
Guinier-Preston zones, were termed “type 2 
regions”. (In radiograms, the effects of type 1 and 
2 regions are separated by zero intensity regions, 
i.e. background intensity regions). 

As a result of the investigations carried out, it 
was possible to establish the following character- 
istic features in the structure of the anomalous 
effects: 

1. The intensity of that part of the halo, which 
is directed toward the centre of the radiogram (i.e. 
toward the trace of the primary X-ray beam) is high- 
er than that of its reverse part (Fig. la). 

2. In the vicinity of Laue spots which overlap 
with the halo, there is found a rapid attenuation of 
the halo intensity, which diminishes right down to 
that of the background of the diffraction pattern. 
There appear “additional” regions of zero intensi- 
ty* (in Fig. 1b and c, this is shown by arrows). 

The mechanism of formation of anomalous effects 
in X-ray diffraction patterns of Al-Ag alloys is 
shown in Fig. 2. According to the above mechanism, 
the higher intensity of a part of the halo directed 
toward the centre of the radiogram, is associated 
with the fact that the type 2 anomalous scatter 


* Fiz. metal. metalloved., 8, No. 5, 705-708, 1959. 
t In all cases, the percentage content is expressed by 
weight. 


* Further zero intensity regions can be seen more easily 
on the actual diffraction patterns. 
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FIG. 1. Form of anomalous effects in radiograms of 
the alloys: 

a — Al-Ag (20% Ag content), quenched at 530°C; 

b — Al-Ag (20% Ag) with 5% Cu; quenching temper- 
ature of 530°C; 

c — Al-Ag (20% Ag content) with 0.1% Cu, quenched 
from 530°C. 

Single arrow shows the direction of the primary 

X-ray beam spot; double arrow shows the position 

of the additional region of zero intensity. 


region is displaced with respect to type 1 anomal- 
ous scatter region in the direction of co-ordinates 
origin of the reciprocal lattice. This fact indicates 
that the Guinier-Preston zone lattice constant is 
somewhat higher than that of the solid solution. If 
in the Al-Ag alloy, the Guinier-Preston zones are 
perfect, i.e. if the crystals in these zone have a 
non-deformed face-centred cubic lattice structure, 
then they should have a higher value of the lattice 
constant because the radius of the silver atom is 
higher than that of aluminium. 

On the basis of radiograms and from the construc- 
tion of the anomalous scatter regions, a diagram is 
shown in Fig. 3a,b,s of the intensity distribution 
near the reciprocal lattice centre, for the case when 
the lattice constants are identical in zone and 
matrix crystals, whereas in Fig. 3d,e,f, is shown 
the same intensity distribution but for the case 
when the lattice constants are slightly different (at 
the same time, Fig. 3b and 3f give a schematic 
representation of a halo during the passage of the 
reflection sphere through a crystal lattice in the 


reverse lattice matrix). According to the diagram 
(Fig. 3) the size of the type 2 anomalous scatter 
region is determined by the factor 0,, this is by the 
external halo circumference, while the size of type 
1 anomalous scatter region is determined by the 
distance between the halo blackening maxima, i.e. 
0,. The size of the zones and holes is found from 
the dimensions of the anomalous scatter regions. 
The difference in radii of zones and holes gives the 
width of the transition layer between the matrix and 
zones. It was found to be equal to 2-4 atomic layers 


(4-8 A), 


From the shift of one anomalous scatter region 
with respect to the other it is possible to determine 
the Guinier-Preston zone constant, provided that 
the crystal lattice constant of the solid solution 
is known. This shift does not exceed 


— 0.2 mm 


(in Fig. 3f, x, and x, correspond to the halo width 
values in the direction radial with respect to the 
primary X-ray spot on the radiograph). It can be 
easily shown by calculation that the Guinier- 
Preston zone lattice constant should, in this case, 
not exceed 4.0463 + 0.004 A, while the crystal 
lattice constant of the solid solution matrix as de- 
termined by the Zaks’s method is 4.0437 + 0.0004 A. 

If it is assumed that, for the Al-Ag alloys system, 
Vegard’s rule is true, then starting with the lattice 
constants for the aluminium and silver crystals, the 
Guinier-Preston zones should, according to the 
parameter determined above, consist of 14 at.% Ag 
(47 % by weight) and 86% Al. A calculation of de- 
viation from Vegard’s rule was shown by Pines’s 
investigations to be insignificant. If, on the other 
hand, in calculating this deviation, instead of the 
silver lattice constant use is made of that of the 
silver alloys with 19 at. % of Al (the crystal lattice 
constant of this alloy was determined by Westgren 
and Bradley [4] and its value was found to be 
4.056 + 0.002 A) then the zones should consist of 
24 at % of Ag and 76 % Al. 

This rather low silver concentration value, as 
obtained by calculation for the above zones, should 
not be interpreted as being due to a lack of correla- 
tion between the Guinier-Preston zones constants 
and their composition in consequence of compres- 
sion of their crystal lattice matrix. The occurrence 
of this phenomenon is possible owing to coherence 
of the zones and matrix and because of the fact 
that the matrix constant is lower than that of the 
zones. It is precisely on such grounds that the 
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FIG. 2. Diagram of the anomalous effects formation in 
radiograms of the Al-Ag and Al-Ag-Cu alloys. 


anomalous behaviour of the crystal lattice constant 
during low-temperature ageing is often explained. 

In studying the effect of the additions of Mg, Zn and 
Si on the form of anomalous effects in the Al-Ag 
alloy, we have found that the first two of the above 
metals enter in the Guinier-Preston zones, while 

the last one enters into the composition of the solid 
solution only. The transformation of the anomalous 
effects observed at the same time in the radiographs, 
agrees well with the experimentally determined 
changes in the crystal lattice constant of the matrix. 
It is thus clear that, even if there is some effect of 
compression, its value in this alloy is quite insigni- 
ficant. 

The results obtained in the present investigation 
agree well with the previously reported [5-8] con- 
clusions that the Guinier-Preston zones are relat- 
ively more depleted with regard to the alloying 
components concentration than the particles of the 
final segregation phase (y — AlAg,). 

In the case of Al-Ag-Cu alloys, the same peculiar- 
ities were observed as for the Al-Ag alloy. Additions 
of copper (0.1, 1.0 and 5 %) have no effect on the 
dimensions and form of the anomalous scatter 
region and the intensity distribution in the halo is 
not affected, either. A thermal treatment producing 
a noticeable growth of the Guinier-Preston zones 
and a contraction of the anomalous scatter regions 
has also no effect on the halo intensity distribution. 


b 


Type 1 anomalous 
catter region 


FIG. 3. Distribution of diffusional scattering in the 
vicinity of reverse crystal lattice centres. 


These results show that the added copper is dis- 
tributed uniformly throughout the whole alloy, i.e. 
there is no preferential concentration of copper 
either in the zones or in the matrix. It is possible 
that this phenomenon is associated with the fact 
that the solubility of copper at the temperature, at 
which the alloy is usually quenched (530°C), is 
approximately the same in both aluminium and 
silver. 

An interpretation of the additional zero intensity 
regions in the radiograms of Al-Ag alloys will be 
given in a subsequent report. 

Thus, a more detailed analysis of our concepts 
of the structure of the anomalous scatter regions 
and of the anomalous effects enables us to: 

1. Determine the structure of the Guinier-Preston 
zones (in the sense, as to whether it resembles 
more closely that of the matrix or of the segrega- 
tion phase); 

2. Determine the width of the transition layer, 
and 

3. Evaluate the composition of the Guinier-Preston 
zones and the distribution of copper in the alloy 
between the zones and the matrix. 


Translated by H. Cygielski 
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EFFECT OF SMALL AMOUNTS OF ADMIXTURES ON THE DIFFUSION COEFFICIENTS 
OF POLYCRYSTALLINE MATERIALS 
lll. EFFECT OF THALLIUM ON AUTO-DIFFUSION OF SILVER * 
V.I. ARKHAROV, S.M. KLIUTSMAN and A.N. TIMOFEEV 
Institute of Physics of Metals of the Academy of Sciences of the U.S.S.R. 
(Received 20 May 1959) 


It was established in investigations [1, 2] that 
small amounts of antimony and beryllium alter signi- 
ficantly the coefficients of intercrystalline diffus- 
ion of silver. It was found that the extent of this 
change, in the case of beryllium addition to copper, 
depends on the method of thermal treatment preceed- 
ing the diffusional annealing. The interpretation of 
experimental data as given in the above reports, is 
based on the assumption that the diffusion of silver 
present in trace amounts produces no qualitative 
changes in the distribution of small amounts of im- 
purities and in the structure of the intercrystalline 
elements of the alloy. 

An investigation of the effect of small amounts 
of admixtures on the self-diffusion in polycrystal- 
line materials enables a less unequivocal assess- 
ment of the experimental data. 

In the present work, a study was made of the in- 
fluence of small amounts of thallium on the self 
diffusion of silver. In investigations [3,4] it was 
established for the case of a silver alloy with 
1 % thallium concentration, that thallium shows a 
positive adsorptive activity (“horophilia”) in silver. 
In view of the fact that at high concentration the 
possibility is not excluded of the occurrence of 
certain effects which might alter the distribution of 
the dissolved element but which is conditioned not 
only by its adsorptive capacity [5], it is better to 
use in such investigations alloys with a smallest 
possible impurity concentration; in our case, we 
have cl.osen an alloy of silver with 0.1 % thallium. 


MATERIALS AND EXPERIMENTAL PROCEDURE 


As starting materials use was made of: silver 
of 99.99 % purity (re-melted in vacuum) and chemic- 
ally pure thallium. The silver-thallium alloys were 
prepared in the atmosphere of argon. Slabs of pure 


* Fiz. metal. metalloved., 8, No. 5, 709-713, 1959. 


silver and of the test alloy were cold-forged to 
rods with a cross-section of 12 x 12 mm. All the 
heat treatment operations and the diffusional an- 
nealing were carried out under vacuum of 107 to 
10°? mm Hg. The temperature during these operations 
was maintained constant with an accuracy of + 1°C. 
After forging, all the specimens were recrystallized 
for 6 hr at the temperature of 900°C. The grain size 
was practically identical in all test specimens and 
equal to about 1 mm. 

After recrystallization, the specimens of the 
pure silver and of the test alloy were subjected to 
one of the following heat treatments: 

1. annealing at 350°C for 200 hr; 

2. annealing at 285°C fro 200 hr; 

3. annealing at 170°C for 200 hr, and 

4. annealing at 170°C for 200 hr, followed by 
annealing at 350°C for a period of 100 hr. 

Radioactive silver was deposited on the test 
specimens surface by vaporization in vacuum. All 
the specimens subjected to the various of the heat 
treatments as specified above, were subjected a 
simultaneous diffusional annealing, which was 
carried out at the temperature of 285°C for 200 hr. 

The distribution of silver in the diffusion zone 
was determined layer-wise according to the integral 
residue method. The activity measurements were 
carried out according to a method described pre- 
viously [1, 2], as was also the measurement of the 


thickness of the layers investigated. 


EXPERIMENTAL RESULTS AND THEIR 
EVALUATION 


In Fig. 1 and 2, the typical curves are given of 
the variation of the logarithm of relative residual 
activity with the diffusion depth in pure silver 
and the test alloy. Each of the cuves was construct- 
ed with the help of experimental points obtained for 
5-6 test specimens tested independently in indivi- 
dual tests. Consequently, the scatter observed in 
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FIG. 1. Dependence of logarithm of the relative integral 


activity I on depth for the case of silver auto-diffusion 
at T = 285°C and t = 7.2 x 10 sec. 


the test points is due not only to errors involved 
in the activity measurements and in the determina- 
tions of the layer thickness but also, perhaps, due 
to variations in the individual test conditions. 

In Table 1 below, the values are tabulated of the 
intercrystalline diffusional permeability of silver 
in polycrystals of silver and of the silver alloy 
containing 0.1 % thallium. In order to calculate such 
data, we have assumed the value of the silver auto- 
diffusion coefficient at the temperature of 285°C as 
being: D,,) = 2.4 x 10%* cm?/sec [6], whereas the 
volume diffusion coefficient of silver in the test 
alloy was taken as equal to the volume auto-diffusion 
coefficient, as proposed in accordance with the ex- 
perimental data obtained in work [7]. It was also 
assumed [1, 2] that the value of the auto-diffusion 
coefficient D, ,) in pure silver and in the silver 
alloy containing 0.1 % Th is independent of the 
previous heat treatments. 

As it is clear from the above data, the rate of 
intercrystalline diffusion in the test alloy is much 
higher than that in pure silver. Thus, the effect of 
thallium on the auto-diffusion of silver is analogous 
to that exerted by it with respect to volume auto- 
diffusion [7]. 

In the case of pure silver specimens, there was 
found no relationship between the diffusional per- 
meability of the intercrystalline mass and the type 
of heat treatment to which the test specimens have 
been previously subjected. In alloy test specimens, 


on the other hand, the diffusional permeability of 
the intercrystalline mass varies significantly with 
such prior heat treatments. Thus, a preliminary 
annealing at 170°C brings about a 2.6—fold reduct- 
ion in the value of 5 Dy oundary in comparison with 
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FIG. 2. Dependence of logarithm of the relative integral 
activity I on depth for silver diffusion in the alloy of 
silver with 0.1 % thallium, at T = 285°C and t = 7.2 x 
10° sec. Preliminary heat treatment of the alloy: 
T = 350°C and ¢ = 200 hr. 


the corresponding value of diffusional permeability 
of the intercrystalline mass in specimens previous- 
ly annealed at the temperature of 350°C. As it fol- 
lows from the data given in Table 1, these changes 
in the values of Or cendery are reversible, because 
in the tests with consecutive annealing first at 
170°C for 200 hr and then at 350°C for 100 hr, the 
values obtained for SD youndary approach very 
closely those obtained after annealing at 350°C for. 
a period of 200 hr. 

Since the diffusional permeability (6D), undary) 
in the intercrystalline boundaries in pure silver 
was found to be independent of the heat treatments 
to which the specimen was previously subjected, 
it can be expected that the variations in the values 
of OD) 28 observed experimentally in the 
alloy are conditioned by the composition of the 
intercrystalline mass. Such variations can occur, 
generally speaking, for two reasons. Firstly, it can 
be assumed that in the body of the grains there 
occur processes leading to changes in the admixture 
concentration throughout the volume. As a result, 
there occurs also a variation in the admixture con- 
centration in the intercrystalline mass [5]. However, 
because the test alloy represents a dilute solid 
solution (its mean concentration at all temperatures 
is lower by one order than the limiting solubility), 
variations of such an order are improbable. 

Secondly, if the admixture behaves as an adsorpt- 
ively active material, then we should expect [8] 
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TABLE Il. Intercrystalline diffusional permeability in specimens subjected to preliminary 
thermal treatments. D1) ne = 2.4 10%** cm?/sec; T = 285°C and t = 7.2 x 10° secs. 


Specimen composition 


Heat treatment prior to diffusional 
annealing 


dD boundary cm/sec 


Silver alloy with 
0.1 % Th 


900° 6 hours 
900° 6 hours and 350° 200 hours 
900° 6 hours and 285° 200 hours 
900° 6 hours and 170° 200 hours 
900 6 hours and 170° 200 hours 
and 350 100 hours 


(7.48 + 0. 3) x 10%” 
(7.56 + 0. 2) x 107” 
(3.65 + 0.15) x 10%’ 
(2.87 + 0. 2) x 1077 
(6.37 + 0. 3) x 10%’ 


900° 6 hours 
900° 6 hours and 350 200 hours 
900° 6 hours and 285° 200 hours 


(7.44+ 0. 4)x 1078 
(7.40 + 0. 4) x 107%" 
(7.49+ 0. 4) x 107° 


that at each temperature there exists a definite 
degree of adsorptive enrichement and a change in 
the annealing temperature should be accompanied 

by a redistribution of the admixture atoms between 
the volume and boundaries of the grains, whereby 
the concentration of the admixture would tend toward 
a range of values corresponding to the equilibrium 
concentration at a given temperature. In our opinion, 
itis this type of variation which occurs in the test 
specimens here investigated. 

Thus, the results obtained so far enable us 
conclude that thallium is adsorptively active in 
silver. 

Since it was found that the value of 5D) oundary 
is higher in the alloy than in pure silver, it can be 
assumed that its increase in consequence of a suit- 
able heat treatment is connected with an increase 
in the concentration of thallium in the intercrystal- 
line mass, and vice versa. Starting with this assump- 
tion, we can now suggest that the data given in 
Table 1 above represent a qualitative variation of 
the degree of adsorptive enrichment with tempera- 
ture. This dependence has a qualitative character 
not only because we do not know as yet the nature 
of the accurate dependence of the diffusional per- 
meability as a function of adsorptive enrichment, 
but also because the values of the diffusional per- 
meability of the intercrystalline mass as determined 
by us, are, in fact characteristic of the admixture 
distribution which is intermediate between that 
created by the preliminary heat treatment and the 
redistribution of the admixture atoms corresponding 
to the equilibrium position at the diffusional an- 
nealing temperature. 

In fact, if the temperature of the preliminary heat 
treatment does not coincide with that of the diffus- 
ional annealing, then there will be a variation in 


the initial admixture redistribution during the 
process of the diffusional annealing and the concent- 
ration of the diffusing element wil! determine some 
value of an effective degree of the adsorptional 
enrichment of the boundaries. It is clear that the 
adoption of such an experimental procedure will 
diminish the values of the variations here investigat- 
ed and that the degree of such stabilization will 
depend on the ratio between the diffusion velocities 
of the admixture atoms at the temperature of the 
preliminary heat treatment and that of the diffusion- 
al annealing. The starting distribution of the admix- 
ture atoms will remain constant for annealing at the 
temperature of 285°C, it remains practically const- 
ant for the annealing at 900°C and shows the high- 
est variation in the case of annealing at the temper- 
ature of 170°C. Although the present series of in- 
vestigations was designed to produce only qualita- 
tive data with respect to the temperature dependence 
of the degree of adsorptive enrichment, it can be 
assumed that the hypothesis put forward in work 

[8] has been thereby given experimental confirma- 
tion. 

The sign of the temperature dependence of the 
adsorptive enrichment in the temperature interval 
investigated in the present work, coincides with that 
of the temperature dependence of the volume solubi- 
lity of thallium in silver. On the basis of this 
observation, we can assume that [8] the interatomic 
interactions in the zone of adsorptive enrichment 
are qualitatively analogous to the interactions in 
the crystalline lattice of the alloy. This conclusion 
is confirmed by equal (in sign) effect of thallium on 
the diffusional permeability of the volume and the 
intercrystalline mass. Consequently, it appears 
reasonable that the lowering in the free energy of 
the intercrystalline transition zones is brought 
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about, principally, not because of a quantitative 

change in the nature of the interatomic interaction 
in the adsorption zone, as it obviously is the case 
in the copper alloy with 0.1 % Be [2], but because 
of a change in the geometric structure of the inter- 


crystalline mass. 
It follows from the above experimental data that 


the temperatures of the maximum degree of adsorpt- 
ive enrichment of the intercrystalline mass and the 
maximum of the volume solubility do not coincide 
with one another. In a general case, when the ad- 
sorption of the admixture atoms leads to a change in 
the interatomic interaction in the intercrystalline 
mass, there is a chance that such a coincidence 
does occur. 


CONCLUSIONS 


1. On the basis of data concerning the independ- 
ence of the diffusional permeability of intercrystal- 
line transition zones in pure silver of the prelimin- 
ary heat treatments, it is postulated that there is no 
change in the structure of these zones within the 
interval of the investigated temperatures. 


2. It is postulated that thallium is adsorptively 
active in silver, this conclusion being based on the 
fact that the diffusional permeability of the inter- 
crystalline mass in the alloy of silver with 0.1 % of 
thallium varies depending on the preliminary therm- 
al treatment to which the alloy specimens were 
subjected. 

3. Experimental verification was obtained for the 
hypothesis [8] concerning the temperature variation 
of the degree of adsorptive enrichment. 

4. On the basis of an assumption to the effect that 
an increase ir the degree of thallium adsorption 
leads to an increase in the diffusional permeability 
of the intercrystalline mass, a conclusion is drawn 
as to the sign of the temperature dependence of the 
intercrystalline internal adsorption of thallium in 
silver. 

5. The postulate is made that during thallium 
adsorption, the free energy of the intercrystalline 
transition zones is reduced mainly because of a 
change in their geometric structure and not because 
of an interatomic interaction. 


Translated by H. Cygielski 
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INVESTIGATION OF THE CAUSES OF DIFFUSIONAL “ACTIVITY” OF DEFORMED 
CRYSTALLINE BODIES 
Il. ON THE SINTERING OF ELECTROLYTIC METALS IN THE LIGHT OF 
MODEL TESTS DATA*, 
Ia.E. GEGUZIN and N.N. OVCHARENKO 
Gorki’s Kharkov State University, Chemical Institute of Scientific Research 
(Received 16 February 1959) 


With the help of models consisting of copper wires of electrolytic copper, a study was made of 
«the sintering kinetics of simple materials with a deformed crystal lattice. It is shown that the char- 
acteristics of the process, as observed in the investigations, agree with the concept of diffusional 


mechanism of high-temperature sintering. 


I. INTRODUCTION 


The phenomenon of sintering has been dealt with 
in a large number of experimental investigations 
both on powdered materials and on models, which 
serve for imitating powder compacts. 

The results obtained in model investigations 
(sintering of wires and spheres to flat surfaces [1, 
2).wire gaskets [3] etc), point to the fact that the 
basic concepts of the diffusional sintering theory 
[4, 6] can be used in arriving at a correct descript- 
ion of the sintering processes of products with a 
practically distortion-free crystalline lattice. Such 
concepts are further supported by coincidence of the 
values of the self-diffusion coefficient and the 
self -diffusion activation energy, as determined in 
sintering tests and in tests based on the use of 
radioactive isotopes. 

Tests carried out on powdered metal compacts 
produced from “active” powders led to the conclus- 
ion that the experimentally observed kinetics of the 
compaction process differ from those anticipated on 
the basis of the diffusion theory. From the assumpt- 
ions of the diffusion theory, it follows that the 
shrinkage of a powder compact should vary linearly 
as a function of time, while numerous dilatometric 
test data point to the fact that the speed of powder 
sintering diminishes with the sintering time. In the 
light of the concepts at present accepted [6], such 
a behaviour is explained as being due to a high 
structural sensitivity of the diffusion coefficient, 


* Fiz. metal. metalloved., 8, No. 5, 714-720, 1959. 

t The first article in the present series is that by Ia. 
Geguzin: “On excess vacancies in electrolytic metals”, 
Fiz. metal. metalloved., 5, No. 3, 1957. 


the value of which diminishes under isothermal 
sintering conditions because of the spontaneous 
disappearance of distortions. This type of behaviour 
is therefore responsible for the experimentally ob- 
served reduction in the degree of shrinkage with 
time, i.e. the diffusional “activity” diminishes as a 
function of the duration of isothermal sintering. 
When referring to an increased diffusional “activity”, 
especially of metals of the electrolytic origin, we 
mean that, all other conditions being equal, the 
diffusional processes proceeding in powder compacts 
with an increased diffusional “activity” occur at a 
speed higher than in “equilibrium” compacts. 
Dilatometric tests data represent a source of va- 
luable information as to the possibility of inter- 
action between the state of the crystal lattice and 
its “activity” but they do not show up the conclus- 
ions with sufficient clarity. Among the drawbacks 
of powdered metal compacts as the specimens on 
which to study the relationships of interest to the 
present series of investigations we can mention the 
irregular shape of the powdered metal particles and 
pores, as well as the considerable scatter of the 


numerical distribution of particles within the range 
of particle dimensions. 

In view of the above considerations, it appears 
advisable to investigate the sintering process with 
the help of models, which, while retaining the 
clarity characteristics of the models employed pre- 
viously [1-3], will differ from them by a non-equilib- 
rium condition of the crystal lattice. 

In the present article, the results are reported of 
investigations in which the porous body was imitat- 
ed with an assembly of metallic wires of electrolyt- 
ic origin, i.e. of wires obtained in the same product- 
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FIG. 1. Diagram of electrolytic bath: 


1 — glass vessel; 
2 — copper tube; 


3 — copper wire serving as cathode; 

4 — guide for the moving wire; 

5 — U-shaped tube with wash water for the wire; 
6,7 — driving and driven coils with wire. 


ion process as employed for the preparation of 
“active” powders. Tests with such models can be 
regarded as a step following a previous one in which 
use was made of non-deformed lattices, the next 
step being a study of real powdered compacts. It 
can be assumed that tests with such models will 
provide additional data which might be capable of 
producing some new explanation of the reason for 
the increased activity and peculiar kinetics of vol- 
ume shrinkage in powder sintering processes. 


2. EXPERIMENTAL PROCEDURE * 


Electrolytic copper wires were produced in a con- 
tinuous electrolytic bath, the diagram of which is 
shown in Fig. 1. A previously annealed wire with 
a diameter of 50-70 p was arranged coaxially with 
a cylindrical copper electrode, along the axis of 
which the wire could travel at a given speed. A 
layer of copper was deposited on the wire, the thick- 
ness of the deposit being controlled by varying the 
current density or the rate of travel of the copper 
thread. A U-shaped tube was arranged at the electro- 
lytic bath outlet; it was filled with water for wash- 
ing of the thread. A uniformly thick wire could be 
produced only by electrolytic deposition of copper 
on a slowly travelling thread. Attempts at produc- 
ing such a wire under stationary conditions showed 
that the thread was conical in shape, as a result of 
a potential drop along its length. In our tests, the 
thread was produced in an acid bath under the fol- 
lowing conditions: / = 5 A/dm’, thread travel speed = 
3 x 107? cm/sec. The thread obtained under such 
conditions was calibrated by drawing it through a 


* A.A. Chernyshev participated in this part of the 
tests. 


diamond die the diameter of which was by about 5p 
less than that of the thread. Using this procedure, 
it was possible to level off even the slightest un- 
eveness in the wire surface. 

The test specimens were prepared using the 
method employed in previous investigations [7,8]. 
The thread was wound in several layers onto a 
copper spool with a diameter of 8 mm. The winding 
operation was carried out with the help of special 
winder, in which the contact between the thread 
windings could be controlled under a microscope. 
During winding, one end of the thread was tension- 
ed uniformly by suspending from it a weight of 
about 100 g, so that good contact could be ensured 
between the single coil turns. Thus the specimens 
were made of “electrolytic” and ordinary copper 
wires. The principal series of tests was carried 
out on wires 120 yp in diamter. The diffusional sint- 
ering of the wires was carried out in a vacuum fur- 
nace at the temperatures of 750, 870 and 1020°C. 
The sintered spools were mounted in AST-] resin, 
which was then polished at the temperature of 30°C. 
Metallographic polished sections were prepared in 
the transverse spool cross-section. The structure 
was examined only after many repeat polishing 
operations and subsequent etching with ammoniacal 
solution of ammonium persulphate. 


3. EXPERIMENTAL RESULTS AND THEIR 
EVALUATION 


The results obtained in three series of isothermal 
sintering are shown in Fig. 2, a-c and in Fig. 3, 
a-d. An examination of the micrographs shows that: 

1). Under conditions of isothermal sintering and 
as the time of sintering is extended, there occurs a 
burning on of the individual threads to their neigh- 
bours; this can be seen from the increasing thread 
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FIG. 2. Transverse section of wire coils with 120 u wire diameter after burning for 20 hr: 


a —T= 


b T = 870°C; 


ec —T = 1020°C. 


Magnification x 200. 


FIG. 3. Transverse sections of wire coils with 120 pu wire diameter after burning at T = 1020°C. 


a—t=3hr; —t=10hr; 


ec —t= 20hr; 


d —t=58hr. 


Magnification x 200. 


thickness in the regions of contact with the adjacent 
threads (Fig. 3). 

2). The sintering process is accompanied by the 
development of porosity. The mean linear diameter 
of pores increases with increasing sintering time. 
The pores appear in grain boundaries between the 
macrostructure elements and in boundaries between 
the central wire core and the electrolytically deposit- 
ed metal (Fig. 2 and 3). 

3). Recrystallization of the electrolytically depo- 
sited metal film proceeds at a slower rate than that 
of the wire core metal, with the result that the indi- 
vidual natures of the deposited metal film and of the 
ordinary metal core are retained up to latest stages 
of the sintering process. For instance, at the tem- 
perature of 750° and after a sintering period of 20 hr 
(Fig. 4), the mean linear size of the metallographic- 
ally detectable grain is found to be by 1.0-1.5 
orders smaller than that of the wire core metal. 

4). At high temperatures and in the final stages 


of the process (Fig. 2,c) there sets in an intergrowth 
of the grains of tke core and electrolytic metals. 
This grain growth occurs intensively when the 
coalescence of the individual pores leads to the 
formation of a smaller aumber of larger pores. 

Some of the observations reported above were 
made in previous investigations of the sintering 
process of electrolytically produced metals [9]. It 
should therefore be of interest to compare qualita- 
tively the characteristics of sintering, similarly as 
it was done in conjunction with the model tests 
(1, 2, 8]. Unfortunately, a subsequent quantitative 
treatment of the results obtained in our investiga- 
tions, in which use is made of the known expres- 
sions for the establishment of a relationship bet- 
ween the self-diffusion coefficient and the size of 
the chord, cannot be carried out reliably because of 
the presence of a well developed network of diffus- 
ional porosity. However, certain qualitative and 
semi-qualitative data can be obtained, which are 
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FIG. 4. Transverse section of wire after its burning at the temperature 
T = 750°C for t = 20 hr. Magnification x 500. 


FIG. 5. Transverse sections of wire coils after sintering at the temperature T = 1020°C, for 10 hr. 
a — ordinary wires, 120 1 in diameter; 
b — wire of electrolytic metal, 120 py in diameter; 
c — ordinary metal wires 200 y in diameter; 
d — electrolytic metal wire 200 p in diameter. 
Magnification x 100. 


characteristic of the special sintering kinetics of 
wires drawn from an electrolytically produced metal. 

The microstructure of the specimens made in or- 
dinary wire and of those of the electrolytic origin, 
both of the specimens having been sintered under 
identical conditions (Fig. 5), points to the fact that 
the speed of sintering of wires produced from the 
electrolytic metal is much higher than that in the 
case of ordinary wires. This phenomenon is shown 
particularly clearly in the micrographs obtained 
with “combined specimens” in which the layers of 
ordinary wire and of the electrolytic one were alter- 
nated (Fig. 6 and 7). 

By comparing the data obtained for wires of elec- 
trolytic origin with those of the ordinary ones (the 
sintering on the latter wires was investigated both 
by us and in work [8] ) some information can be de- 
rived with respect to the temperature dependence of 
the ratio of the effective self-diffusion coefficients 
D, for the ordinary copper and that of the electro- 
lytic copper D; (X = D; /D,). In deriving such inform- 


ation, it was assumed that between the chord along 
which the sintering of two individual wires takes 
place (Y), the self-diffusion coefficient and the 
time of sintering a relationship of the following 
type holds true: D ~ Y*/t [6] (see Table 1). 

The self-diffusion coefficient in the electrolytic 
metal at a given temperature can depend on the 
sintering period because it is conditioned by the 
coalescence of the pores [6, 10]. However, to the 
layer stages of isothermal sintering corresponds a 
quasi-stationary self-diffusion coefficient. The 
dat& as reported by us for the value of X refer to 
this quasi-stationary self-diffusion coefficient. That 
this is so, was confirmed by determining the values 
of X in the various sintering stages. At the temper- 
ature 7’ = 1020°C we obtained the following values 
of X: X,_ 10 hr = 4; X, = 20 hr = 4. A determination 
of X was also made on the basis of experimental 
data obtained with wire 200 y in diameter, (instead 
of wire with a diameter of 120 y) and it was found 
thatA, = 10 hr = 4.2. 
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FIG. 6. Transverse cross-section of wire coils of the 
“combined” specimens after burning at T = 1020°C: 
a — burning time ¢ = 6 hr; 

—e= 15 hr; 
Magnification x 100. 


By making use of the experimental values of X 
at three different temperatures and knowing the 
activation energy of the copper self-diffusion pro- 
cess in a crystal lattice at equilibrium (Q,) [8], it 
is possible to determine the factor A = Q,/Q;, in 
which: Q; — activation energy of the process of 
sintering of wires of electrolytic metal. 

It follows from the table given above that, as the 
melting point temperature is gradually approached, 
the values of both the diffusion coefficient and the 
activation energy tend to those corresponding to the 
equilibrium state, i.e. it can be assumed (without 
prejudicing the actual causes of such non-equilibr- 
ium values) that the lack of equilibrium present in 
the metal of electrolytic origin, which is responsible 
for an increase in the value of the diffusion coeffi- 
cient, is retained right up to the pre-melting tem- 
peratures. The above conclusion agrees with the 
results obtained previously in dilatometric investi- 
gations of copper compacts [10]. 

Let us now consider again the problem of the 
burning-on of wires with different diffusional 
“activity”. We are interest in the relations between 
the chords formed in the boundaries between two 
wires of electrolytic metal Y;;, the wire of electro- 
lytic metal and the ordinary wire chord Y;, and that 
formed between two ordinary wires Yoo. The above 
relationships can be easily deduced if the follow- 
ing conditions are specified: 


FIG. 7. Transverse section of wire coils of the 
“combined” specimens after its burning at 
T = 1020°C for a period ¢ = 10 hr. 
Magnification x 200. 


1) The volume of the material V, which passed 
into the contact region by diffusional mechanism, is 
proportional to the current and, as it follows from 
geometric concepts (see [1], [6] ) it is related with 


the chord value by the following expression: 8 
19° 


Y?L 
V~ ~ (1) 


(a — radius of the wire and L is its length). 

2) The current of the material from each of the 
wires in contact is proportional to the self-diffusion 
coefficient in the wire crystal lattice 


> 


~D. (2) 


After taking into consideration equation (1) and 
(2), we arrive at the following expression 


Vig? Yoo = (2D,)"" : (D; + D,)* (3) 
where, D; and D, are the autodiffusion coefficients 
in the wire metals of the electrolytic and ordinary 
origins, respectively. 

By making use of a factor 


which was defined previously, the equation (3) can 
be put in the following form: 
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It is of interest to check experimentally the cor- 
rectness of equation (4), which was derived on the 
basis of the principal concepts involved in the dif- 
fusional mechanism of the sintering process. 

In order to do so, we carried out tests at the 
temperature 7 = 1020°C on combined specimens, the 
results of which are shown in Fig. 6 and 5. The 
choice of this particular temperature was made 
because, firstly, at lower temperatures the chords 
are small and it is difficult to measure them accurat- 
ely and, secondly, the factor X at this temperature 
was determined by us with the greatest accuracy 
(X = 4.) 

Mean results of numerous measurements of the 
factors Y;;, Y;5 and Yoo led to the following relation: 


Yigt == 1: 0.75 (40.05) : 0.45( + 0.03). 


A calculation of this expression according to 
equation (4) at X = 4, enabled us to derive the fol- 
lowing relationship: 


Yio! Yop = 1: 0.85 : 0.50, 


which is in satisfactory agreement with the experi- 
mental behaviour. 


CONCLUSIONS 


1. A technique is formulated and used eaperiaiant- 
ally for the modelling of powdered compacts with 


deformed crystalline lattice. 

2. Relationships are obtained, as functions of 
time and temperature, for variation in the sintering 
speed of wires drawn in metal of electrolytic origin 
(with deformed crystal lattice) and of ordinary metal 
wire (with crystalline lattice free of deformation). 

3. Attention is drawn to the following character- 
istics of the phenomena investigated: the speed 
with which the electrolytic metal wires become 
joined to one another during sintering is consider- 
ably higher than that found with ordinary wires. 
Phenomenologically, this fact can be ascribed to an 
increase in the self-diffusion coefficient and a 
lowering of the activation energy of the sintering 
process of electrolytic metal wires. 

4. Attention is drawn to the fact that the approach 
to equilibrium conditions in the electrolytic metal 
wires is accompanied by an increase in the size of 
the diffusion pores, which are distributed principal- 
ly in the grain boundaries. 

5. An examination is made of the problem concern- 
ing the burning-on of wires of the same metal, which 
show “different” degrees of diffusional activity. In 
special tests based on the use of combined speci- 
mens, which consisted of wires of the electrolytic 
and ordinary metals, it was shown that the experi- 
mentally determined chord values agree with those 
anticipated on the basis of the diffusion mechanism 
concept of high-temperature sintering. 


Translated by H. Cygielski 
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TO THE DETERMINATION OF SURFACE TENSION ON THE BOUNDARIES OF PHASES ' 
I.V. SALLI 
Dnepropetrovskii State University 
(Received 11 November 1958) 


The specific free energy of the interfaces between 
phases, or the so-called surface tension of inter- 
phase interfaces, represents a thermodynamic 
quantity which determines to a significan degree 
the conduct of systems in the process of crystalliz- 
ation and recrystallization. It is sufficient to say 
that this quantity comes into all the basic relation- 
ships of the thermodynamic and molecular-kinetic 
theory of crystallization and consequently, without 
knowledge of this quantity, any accurate quantita- 
tive calculations are impossible. 

As is known, up to the present time reliable 
values of this quantity have been obtained only for 
the boundaries between the nuclei and the liquid 
during the solidification of certain metals and 
organic substances [1-7]. 

Besides this, the order of magnitude of the sur- 
face tension on the boundaries cementite, austenite, 
cementite ferrite and graphite austenite is determin- 
ed in the work [8]. 

In the present information are introduced data 
obtained by the calculation of surface tension on the 
boundary of phases with the aid of known formulae 
used for the determination of the size of crystalline 
nucleus in the case of the crystallization of single- 
component systems, or in the separation of super- 
saturated solutions 


tit, The (1) 


where o — the surface tension on the interphase 
boundary; 

p — the density; 

T, —the melting point; 
—T —the supercooling; 
L —the heat of transformation. 

If r* is expressed as r* = nro, where ro is the 
minimum radius of the nucleus of the dividing sub- 
stance (half the period of the lattice a/2) then the 
relation (1) may be rewritten in the following form: 


T 


s 


t Fiz. metal. metalloved., 8, No. 5, 721-724, 1959. 


T,;—T 23M 
T; Lry 


The right hand side of this equation is the size of 
the constant and consequently the product 


T;—T 


Ts 


n 
remains constant for any 7. The maximum value of 
the quantity 


>1 fo T+0, 


however, the minimum value of the quantity n, which 
also cannot be less than one, should correspond to 
the maximum value of the relative supercooling. 


Therefore, for all values of T 


l 
Lro 


and consequently 


In Table 1 are shown experimental values of the 
surface tension on the nucleus-liquid interface 
obtained in the work [2-7], in comparison with the 
amount of surface tension calculated by the formula 
(4). In the same table are shown all the other 
values which come into formula (4). 

The coincidence of the experimental and calcul- 
ated data is quite satisfactory. 

Analogical reasonings can be introduced for the 
determination of the surface tension of the inter- 
phase boundary on the separation of a substance 
from supersaturated solutions. 

In fact the radius of the critical nucleus of the 
isolating is 
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TABLE 1. 
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TABLE 2. 


Boundary ax lem rox 108, cm 


Cc - 
. 4 . 5 03% 


Cementite - 


Graphite- 71(90))* 
nstenit | max=2% 


austenite 
45(50)* 


* These values of the surface tension are derived as a result of a verification of the 
theoretical calculation of the coalescence carried out in [9]. In doing so the exper- 
imental data of [8] are employed. 
7 equation (5) can be rewritten in the following form: 


r* Mv 


RT In (3) 
(4) 
Here o,, is the surface tension on the boundary of 
the precipitating phase and the parent solution; 
M is the molecular weight of this phase; v is its 
specific volume; R is the gas constant; 7 is the 
temperuture at which transformations take place; 
c is the concentration of the mother phase and c,, 
is the equiponderant concentration. 
If we once again substitute r* = nro, then 


The right hand side of this equation is constant for 
the given temperature 7. The minimum value n = 1 
should once again correspond to the maximum value 
In c/c,,. The value In c/c,, will be maximum in the 
case where c, the concentration of the mother phase 
is naximum. For cigar-shaped diagrams this will 


be 100 % concentration. 
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r cm? cm cm 
Al 3,7 x 109 2.70 . 
Sn 5,6 108 7.30 
Fe 2.6% 109 7.86 
Ni 2,9 109 8.90 
Bi 5, 108 9.80 
Co 25x 109 8.90 
Pb 2:2 108 11.30 
Sb 1,6% 109 6.69 
Ge 4,05, 10° 5.36 
Ag 1x 109 10.50 
Au 6X 19.30 
Pt 108 21.40 
Ga 7,63% 108 5.90 
Pd 1,525¢ 109 11,50 
Water 3,2 109 1.00 
He 1,2 108 14,20 
Na 9,3 x 108 0.97 
959 Din 
| = | | _ 29.0 16.8 | 
1023 0.85 28,0 32.1 
1123 | 1.0 73.0 70.8 
30,2 
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FIG. 1. Part of diagram of a binary system with limited 
solubility inthe solid state. C is the limiting solubility 


of primary solid solution. 

The semi-empiric equations shown naturally 
need a further check, but the experimental data 
which exist at the present time compare quite satis- 
factorily with formulae (4) and (7). Apparently, an 
even better coincidence with the experimental data 
can be obtained with the aid of a coefficient, taking 
into account the difference of the structure of the 
mother phase and the substances crystallizing 
from it. 


For diagrams with limited solubility this concentra- 
tion corresponds to the point c, shown on the dia- 


gram. 
Then the equation for determining the surface 


tension takes the form 


Cmax 
= oM n (5) 


In Table 2 the experimental data introduced in 
[8] are compared with the calculated data obtained 


with the aid of formula (7). Translated by R.J. Coleman 
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THE EFFECT OF ADDITIONS OF VANADIUM ON THE SELF-DIFFUSION OF IRON * 


M.S. ZELINSKII, B.M. NOSKOV, P.V. PAVLOV and E.V. SHITOV 
The Research Physicial-Technical Institute of Gor’kii 


(Received 29 May 1959) 


With the aid of radioactive iron the self-diffusion of iron in iron-vanadium alloys with various 
vanadium and carbon contents is studied. The parameters are found for volume and grain boundary 


diffusion and their change with the concentration of the alloy. It is shown that the activation energy 
of self-diffusion of iron decreases linearly with increase in the vanadium concentration. The effect 

of additions of vanadium to the iron differs from the effect of additions of other transition metals 
(chromium, manganese, nickel), increasing the activation energy of self-diffusion. These peculiarities 


The activation energy for diffusion depends func- 
tionally on the bond energy, which is equal to the 
energy of sublimation. For the diffusion of foreign 
atoms this functional connexion has not yet been 
established exactly. For self-diffusion, that is the 
diffusion of atoms in the crystal lattice of the same 
metal, this connexion between the activation energy 
of self-diffusion Q and the bond energy E},,,q has 
the form Q/E}, onq = const, also the value of the 
constant equals 0.67 for a face-centred cubic lattice 
and 0.85 for a body-centred cubic lattice [1]. It is 
very important that this relationship between Q and 
Eyond is maintained also for dilute solid solutions. 
The latter is confirmed by the direct changes of 
Q and E} nq for iron-carbon alloys [2]. In this way, 
having determined experimentally the activation 
energy of self-diffusion in relation to the content of 
the additive, we can estimate the bond energy and 
the properties of the metal which depend on the 
stability of interatomic bonds. 

There is still little systematic data on the effect 
of additions on the stability of interatomic bonds. 
For especially important, in a practical respect, 
alloys of iron with other metals, the existing data 
bear witness to the fact that within the defined 
limits of concentration the addition of chromium 
[3], manganese [4] and nickel [5] increases the 
activation energy of the self-diffusion of iron, that 
is raises the stability of the interatomic bonds in 
the crystal lattice of iron. 

The results of the work on the determination of 
the strength of the inter-atomic bond, carried out in 
the laboratory of academician Kurdyumov by the 
X-ray study of dynamic distortions of the crustal 
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of vanadium are compared with other peculiarities in the behaviour of vanadium in its alloys with iron. 


lattice [6, 7], lead to this same conclusion. Accrod- 
ing to this work chromium manganese, cobalt, moly- 
bdenum and niobium increase the strength of the 
bond in the crystals of iron, but vanadium weakens 
the inter-atomic bond strength in comparison with 
the same in pure iron. 

The strengthening of the inter-atomic bonds on 
melting of transiton metals may be explained by the 
formation of additional bonds because of the inter- 
action of 3d- and 4s-electrons. From this point of 
view, the difference in the behaviour of vanadium, 
which is also a transition metal, is extremely inter- 
esting. Inasmuch as other metals have a correspond- 
ence between the results of diffusional and X-ray 
examinations, some interest was presented by the 
study of the self-diffusion of iron in relation to the 
addition of vanadium 

Zelinskii and Noskov undertook the study of the 
effect of vanadium on the self-diffusion of iron in 
three iron-vanadium alloys with vanadium concent- 
rations of 0.48, 1.01 and 2.04 wt.% and in the tem- 
perature range of 1100-1340°. The results obtained 
confirmed the data of the X-ray investigations [7] 
in that vanadium weakens the inter-atomic bond 
strength in comparison with the same in pure iron. 

The activation energy of the self-diffusion of 
iron decreased with the increase in the vanadium 
concentration. 

Now the work Sanadze and Tsivisivadze [8], 
devoted to this same question has been published in 
the press. They studied alloys in the range of con- 
centrations of 0.1-0.5 at.% in the temperature range 
1050-1150°. The data of this work also confirmed 
the weakening effect of vanadium on the bond 
strength of the lattice of iron, but the decline in the 
activation energy of self-diffusion with the increase 
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TABLE 1. The composition of iron-vanadium alloys 


Content of elements wt % 


Si Mn 


0.083 
0.091 
0,121 
(0), 688 
0.140 


6 fal" 


1300 1200 1100 1000 900 °C 


FIG. 1. The dependence of 1dD on 1/T for alloy No. 1. 


in the vanadium concentration was sharper than that 
obtained by Zelinskii and Noskov. Besides this, the 
authors of the work [8] pointed out that, in the tem- 
perature range studied by them, the process of bulk 
diffusion is prevalent. The latter raised doubt, inas- 
much as that for all the previously studied alloys of 
iron in this temperature range two diffusional streams 
of different speeds were usually observed, which is 
expressed by a break in the direct temperature re- 
lation of the coefficient of self-diffusion [4, 5, 9]. 
Therefore we undertook a further study of the effect 
of vanadium on the self-diffusion of iron in a wider 
range of concentrations and temperatures. 

For the study three alloys of Fe—V and two alloys 
of Fe—V-C were taken. The composition of the al- 
loys is shown in Table 1. 

Plane-paralle]l specimens of dimensions 5 x 8 x 
25 mm were prepared from the alloys. First the spe- 
cimens were subjected to homogenizing anneals at 
a temperature of 1100° for 20 hr. The radioactive 
isotope of iron *°Fe was electrolytically deposited 
on one of the flat faces of the specimens. The thick- 
ness of the covering was about 0.005 mm. The spe- 
cimens, laid in pairs with the active sides towards 
one another, were placed in a quartz tube evacuated 
to a residual pressure of 10-*mm.hg, and were sub- 


jected to diffusional annealing. The time of iso- 
thermal annealing was varied, depending on the 
temperature, from 4 to 200 hr. The regulation of the 
temperature of the furnace was carried out automatic- 
ally by a potentiometer with an accuracy of + 5°. A 
check by a control thermocouple was made every 
5—10 hr. 

After the annealing the specimens were quickly 
cooled in a stream of water. During the time of an- 
nealing the depth of diffusional penetration of the 
radioactive isotope exceeded the thickness of the 
initial layer by 20-30 times. This ensured a suffi- 
ciently accurate determination of the coefficient of 
self-diffusion with the use of the solution of the 
equation of diffusion for the infinitesimally thin 
initial layer. In order to avoid the influence of 
boundary effects and accidental soiling from of the 
side faces of the specimen, a layer of thickness 
0.5-0.7 mm was taken from all five unactivated 
faces. 

For the determination of the coefficients of self- 
diffusion, the method of the removal of layers with 
the measurement of the integral y-activity of the 
remaining part of the specimen [10] was chosen. The 
advantage of the method of the removal of layers 
lies in the possibility of excluding the effect of 
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1 V—5 Ocn. 0.48 = 
2 Orn. 1.01 0.03 0.06 0.09 0.020 | 0.005 
3 V—20 Ocn. 9.04 10.045 | 0.05 0,123 | 0.020 | 0.004 
4 1uV—! | Och. 0.096 | 0.820 | 0.12 0.106 | 0.013 | 0.004 
5 9V—200] Och. 2.46 | 0,25 | 0,07 0.140 | 0.021 | 
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diffusion on the boundaries of the grains. As the 
speed of volume diffusion is less than the speed of 
diffusion on the boundaries of the grains, during the 
time of the diffusional annealing, volume diffusion 
passes only to the depth of a few first layers, but 
the spreading of the diffusing substance in the last 
layers is explained mainly by diffusion on the bound- 
aries of the grains. Thus, on the calculation of the 
coefficients of volume diffusion only the first points 
of the graph, corresponding to the first layers, were 
taken into consideration. A correction for absorpt- 
ion was not introduced, as the gamma-radiation of 
59Fe is only weakly absorbed by the diffused layer. 
By a graphical differentiation of the integral curve 
of activity the dispersion of the diffusing isotope 
on the layers was found. 

The investigation was carried out for alloys 1-3 
(see Table 1.) in the temperature range 900 - 1,300°, 
and for alloys 4-5 in the range 1,100-1,340°. 

At every temperature the coefficient of self- 
diffusion was determined as an average of 2-4 inde- 
pendent measurements. 

An analysis of the temperature dependence of the 
coefficients of self-diffusion showed that on the 
graphs logD = f (1/T) breaks are obtained in the 
straight lines at the points corresponding approxi- 
mately to 1100° (Fig. 1). Thus, at temperatures 
lower than 1100° a strong influence of intercrystal- 
line diffusion is present. Consequently, the assert- 
ion of the authors of the work [8], that in the temper- 
ature range studied by them volume diffusion is pre- 
valent, is not confirmed. The effect of intercrystal- 
line diffusion explains, apparently, the rather low 
values of the activation energy Q obtained in the 
work [8]. 

For determining the coefficients of volume diffus- 
ion and on the boundaries of the grains, independ- 
ent determination is necessary of either volume or 
intercrystalline diffusion. Thus, on further exam- 
ination of the results of the measurements for all 
the alloys, only the coefficients at temperatures of 
1100° and higher, at which diffusion can be consider- 
ed uniform, were taken into consideration. From 
these coefficients were determined, by the method 
of least squares, the parameters of volume diffusion 
for all the alloys studied. The values of the coeffi- 
cients and the parameters of diffusion are shown 
in Table 2. 

In Table 3 are shown the coefficients and para- 


meters of intercrystalline diffusion for alloys 1-3, 
calculated by Fisher’s formula [11]. 


p, Vides 
Ve 


D,,9, for the given temperature was obtained by the 
means of extrapolation of the straight line log) |= 
f (1/T), obtained for temperatures above 1100°. The 
thickness of the transitional layer on the boundary 
of the grains 6 was taken as equal to the parameter 
of the lattice. Because of the arbitrarily taken value 
6, the values of the coefficients of intercrystalline 
diffusion Dgr and D*P also contain the arbitrary 
factor, but inasmuch as it is approximately equal 
for all the specimens, it does not have an effect on 
the value Q_., determined only by the slope of the 
straight line log D,, = f (1/7). 

The results obtained by us showed that for the 
iron-vanadium alloys studied, between the values 
D, and Q is the following relationship 


InDj=A +BxQ, 


where A and B are constants. Such a connexion is 
explained by the fact that not only the activation 
energy Q, but also the pre-exponential factor D, are 
determined, in the first place, by the character and 
size of the inter-atomic bonds. Dekhtyar showed 
[12] that for pure volume diffusion, not distorted by 
diffusion on the boundaries of the grains, the con- 
nexion between D, and Q has the form 


=A + BxQ/RT met, 


where A and B are constants; R is the gas constant 
and 7’ .¢, is the melting point of the alloy. Taking 
into account the fact that for the alloys studied by 
us the change in the melting point is less than 

10 per cent, the formula shown above changes to 
InD, = A + B’Q, which coincides with the empirical 
regularity found by us 


In Dy 


This confirms that the values of the coefficients 
of self-diffusion obtained by us correspond suffici- 
ently accurately to the volume diffusion. The de- 
pendence of InD, on Q for alloys 1-3 is shown in 
Fig. 2. 

For all the alloys studied by us the activation 
energy of self-diffusion decreases with the increase 
in the concentration of vanadium. A quantitative 
survey can be carried out sufficiently strictly only 
for alloys 1-3, in which the carbon content is 
approximately equal and sufficiently small. For 
these alloys a linear dependence is obtained 


(Fig. 3) 
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TABLE 2. The parameters of volume diffusion in iron-vanadium alloys 


Temperature °C 
1200 | 1220 | 1280 | 1300 | 1340 | Dyem*/sec| _% 


cal/mol 
DX 1011, cm?/sec 


Content of 


V, at.% | 1100 | 1160 


Coefficients of self-diffusion 


11.3 
1.78 10.1 
1.94 8.73 _ 


39,0 
26.9 5.3-107! 


1.46 68 900 
66 200 


61 500 


1.62 


0.718) 1, 
1.72) 2.73] — 


35,6 1.0-107! 
. &.6-107! 
36.3 | 3.6-107! 


70 200 
66 900 


TABLE 3. The parameters of intercrystalline diffusion in iron-vanadium alloys 


Temperature °C 


Content of 900 1000 | 


1100 
De, cm?/sec 


V,at. % 
D x 10°, cm/sec 


Coefficient of intercrystalline diffusion 


cal/mol 


0.378 
0.605 
0.278 


Q=71275—4617xCy cal/mol, 


where C, is the concentration of vanadium (at. %). 
A similar relationship is obtained for the pre- 
exponential factor 


In Dy = 1.22 — 1,67C,. (3) 


Formulae 5 and 6 are obtained by the method of 
least squares. Formula 6 can also be obtained by 
the indirect substitution of the value Q according to 
formula 5 in formula 4. 

The values of the activation energy of self- 
diffusion of iron in iron-vanadium alloys obtained in 
the work show that the introduction of atoms of 
vanadium, even in small quantities, into the crystal 
lattice of iron leads to a considerable weakening of 
the strength of the bond in the lattice. This agrees 
well with the X-ray work [7]. In this connexion it is 
interesting to compare the following data: in the 
work [7] the vanadium content was 2.3 at. %, for 
this alloy the value m@, characterizing the size of 
the strength of the bond, equals 1.48 x 107’, but 
for pure iron (Fe-armco) it equals 1.14 x 107”, It 
is obvious that the relationship of these two values 


will characterize the weakening of the strength of 
the bond. In the given case this relationship 


2 
iron 


= 1.15. 
alloy 


If we now take the activation energy of iron Q for 
the alloy with a vanadium content of 2.11 % as 
equal to Qajjoy = 61,500 cal/mol, and for pure iron 
we take Qi,,, = 71,100 cal/mol (extrapolated from 
a series of investigations), then the relationship 


2. 
iron 


alloy 


will be equal to ~ 1.16. 

Transition metals of the fourth period of the 
Mendeleev system, such as chromium, manganese, 
cobalt and nickel, when introduced into the lattice 
of iron increase the strength of the bond and hamper 
self-diffusion. The data available at present are 
insufficient for a full explanation of this behaviour 
of vanadium. It is expedient, however, to compare 
with this certain other qualitative differences of the 
behaviour of vanadium in alloys. 
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FIG. 2. The dependence of log), on the activation 
energy Q for alloys No. 1-3. 


According to the work of Owe Berg [13], systems 
formed by iron with elements which have a high 
ordinal number contain two phases: a complete solid 
solution a, characterized by “equal” electronic 
density, and phase a’, having “unequal” electronic 
density, in which the s-electrons of the added ele- 
ment react chiefly with the s-electrons of the iron 
atom and do not react with its 3d-electrons. With 
cobalt and nickel,iron forms a-alloys and, with suf- 
ficiently high concentrations of the added metal, 

a’ alloys. With vanadium iron does not form a-phase 
and the region of a-phase extends from 0 to 6.7 at. %. 
One may suppose that the increase in the activa- 

tion energy of self-diffusion (and consequently in 
the bond energy) is connected with the formation of 
a-phase, but in the a~phase a decrease in the acti- 
vation energy of self-diffusion occurs. Not only the 
decrease in the activation energy of self-diffusion 
in an iron-vanadium alloy consisting of a-phase, 
serves as a basis to this supposition. According to 
[13], in the system iron-nickel the a-phase extends 
from 0 to 12 at. % Ni, and subsequently a-phase 

is formed. From the data of the work [14] an increase 
in the concentration of nickel in an iron-nickel alloy 


25.10 15 20 


FIG. 3. The dependence of the activation energy Q on 
the concentration of vanadium in alloys No. 1-3. 


from 11.8 to 25 per cent leads to a decrease in the 
activation energy of self-diffusion of iron from 
66,000 to 62,000 cal/mol. Considering the great 
similarity of atoms of Fe, Co and Ni, it is possible 
to examine from the same point of view the self- 
diffusion of cobalt in a cobalt-nickel alloy. From 
the data of Gruzin and Noskov [15], the activation 
energy of self-diffusion of cobalt at first rises (up 
to 8 % Ni) after which there is a fall in the activa- 
tion energy, which at 30% Ni becomes even less 
than the activation energy in pure cobalt. 

The absence of interaction of s- and d-electrons 
in alloys of iron with vanadium does not give the 
formation of the additional strengthening bonds 
which arise in alloys of iron with other transition 
metals of the fourth period. Which physical factors 
lead to the decrease in the bond strength in com- 
parison with pure iron still remains unexplained. 


Translated by R.J. Coleman 
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HIGH TEMPERATURE STUDY OF ALLOYS THE PHASES OF WHICH HAVE ‘DENTICAL 
LATTICES WITH NEARLY THE SAME PARAMETERS * 
TITARENKO and B.M. ROVINSKII 
All-Union Aviation Materials Scientific Research Institute 
(Received 2] February 1959) 


The results of a study of refractory nickel alloys at temperatures of up to 1250 are given. 


Investigation at room temperature of complex re- 
fractory alloys on a nickel base [1], X-ray structure 
analysis of the Ni-Al system [2] and other studies 
of similar systems have shown that when these al- 
loys are cooled from high temperatures, phases are 
precipitated which have the same lattice as the 
solid solution and differ from it only in the concent- 
rations of Al, Ti and other elements. The lattices of 
the precipitated phase (y ‘phase) and the impoverish- 
ed solid solution (y phase) are “interlinked” and 
differ little in their parameters. 

The present paper is a study of complex alloys 
on a nickel base, ZhS6 and ZhS6K alloys and part- 
ly E1437. The alloy ZhS6K has the same composi- 
tion as the alloy ZhS6, but is additionally alloyed 
with cobalt. 

The chief task of the work was the study of the 
process of the solution of the y’ phase during anneal- 
ing and the process of segregation of the solid solu- 
tion into the y and y’ phases on cooling the alloy 
from 1250°. 

It was assumed that under certain conditions, when 
the previously cooled alloy is heated the lattices of 
the y and y’ phases become segregated, which would 
make it possible to trace the process of the solution 
of the y’ phase. On the other hand, it should be pos- 
sible to trace the process of the segregation of the 
solid solution into the y and y’ phases by bringing 
the alloy into the state of the homogeneous solid 
solution and then reducing its temperature. 

The X-ray photographs were taken in a special 
high temperature camera with a powerful sharp focus 
tube with rotating copper anode of Sergeyev’s [3] 
design with a voltage of 30 kV and a current of 
180 mA. Static single crystal specimens of the alloy 


were photographed at temperatures of from 900 -1250°. 


* Fiz. metal. metalloved., 8, No. 5, 731-734, 1959. 


For a provisional estimate of the difference in the 
parameters of the lattices of the y and y’ phases a 
series of X-ray photographs was taken at room tem- 
perature. By various methods and under various 
conditions we photographed specimens from a single 
crystal, from sediments of the y’ phase obtained 
electrochemically, shavings of the alloys, shavings 
mixed with 30 per cent of y’ phase sediment and 
others. 

As a result of these photographs and of subse- 
quent photographs taken at various temperatures with 
the specimens rotating back and forth through angles 
of from 3 to 9° and of photographs taken with mono- 
chromatic chromium Kg radiation it was established 
that the difference in the periods of the lattices of 
the y and y’ phases is considerably less than 
0.01 kX and probably of the order of 0.001 kX. 

Fig. 1 shows in six-fold magnification photographs 
of the alloy ZhS6 obtained with the method of back 
reflection at a specimen temperature of 1125°. The 
photographs were taken after every 30 min of hold- 
ing. 

At room temperature and after 6 min holding at 
1125° the spots were washed. After 30 min holding 
the splitting up of the spots into two reflections 
became noticeable; the sharpness of the reflections 
increased when the time of holding was prolongued 
to 5 hr. The distance between them changed little. 

It is probable that when the time of holding at 
1125° is prolongued, the segregation of the lattices 
of the y and y” phases occurs and possibly also an 
exchange of components between the phases by slow 
diffusion. 

Fig. 2 shows photographs of the same specimen 
at a temperature of 1200°. The position of the speci- 
men was not changed and the conditions of the pho- 
tograph remained the same as at 1125°. 

The spots split up into two reflections already 
after 30 min holding. As the time of holding was 
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FIG. 1. X-ray photograph of the alloy ZhS6, taken at 
1125° and holding 
a — at room temperature; 
b — for 6 min; 
c — for 30 min; 
d — for 3 hr; 
e — for 5 hr; X 6. 


prolonged to two hr the distance between the ref!ec- 
tions decreased in proportion. After two hr and on 
further holding to three hr the distance did not 
change. Moreover, in the course of holding both re- 
flections shifted to smaller angles. The final shift 
corresponded to an increase in the lattice para- 
meter of 0.005 kX for reflections with a large Bragg 
angle and of 0.004 kX for relfections with smaller 
Bragg angles. The maximum distance between the 
reflections in the spots at 1125 and 1200° corres- 
ponded to a difference in the lattice parameters of 
Aa X 0.0025 kX with an accuracy of measurement 
of + 0.0003 kX. 

A difference in the lattice parameters of about 
0.002 kX was also obtained in the measurement of 
the lattice periods of a single crystal of the alloy 
ZhS6 and a sediment of the y’ phase precipitated 


from it. 

Evidently, diffusion displacement of the compon- 
ents from the y’ into the y phase occurs during the 
holding at 1200° and leads to the evening out of the 
concentration in the alloy. Probably, alloy elements 


FIG. 2. X-ray photograph of alloy ZhS6 taken at 
1200° and holding 
a — for 30 min; 
6 — for 1 hr; 
ce — for 2 hr; 
d — for 3 hr. 


with smaller atomic radius leave the y’ phase first. 

If one lowers the temperature of the alloy after 
previously holding it for 3-4 hr at a temperature of 
1250 or 1200°, then at a temperature of avout 1180° 
the spots split up again into two sharp reflections 
and then at a still lower temperature spe cific for 
each alloy the spots become completely washed. 
The degree of washing increases with further re- 
duction of the temperature to room temperature. This 
washing of the spots occurs at 1100° for the alloy 
ZhS6K, at 1000° for the alloy ZhS6 and below 800° 
for the alloy £1437. Fig. 3 shows photographs of 
the alloy ZhS6K taken when the temperature was 
reduced to 1150 and 1100°. 

The segregation of the homogeneous solid solu- 
tion probably occurs in such a manner that first the 
y’ phase is precipitated and the “interlinking” of 
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FIG. 3. X-ray photograph of the alloy ZhS6K taken at 

115@ (a) and 1100 (6) in the process of cooling a 

specimen previously heated to 1250 and held at that 
temperature for 3 hr; x 6. 


the lattices of the y and y’ phases occurs at a low- 
er temperature. 

Increasing the complexity of the alloy leads to a 
slowing down of the diffusion processes and raises 
the temperature at which the “interlinking” of the 
lattices occurs. 

We have not yet fully explored the mechanism of 
the segregation of the homogeneous solid solution 
into the y and y’ phases and work with this end in 
view still continues. 

One could have attempted to explain the effects 
shown in Figs. 1, 2 and 3 by the mosaic structure 
of the blocks, that is to say by the degree of disori- 
entation. In papers [4, 5] an increase in the perfect- 
ion and re-orientation of the elements of the sub- 
structure of the crystallites was observed in alumin- 
ium on plastic deformation and creep. The analysis 
of the effects obtained by us shows, however, that 
they are of a different nature and are not reflections 
from blocks of a single phase. 

If the spots in Figs. 1 and 2 are examined under 
slight optical magnification,fine, more intense 
dashes are visible on the background of the reflect- 
ions extended in the direction of the reflection. 

Fig. 4 shows them schematically in magnification. 
Such effects are sometimes called second order 
mosaics [6]. 

From the width of these dashes we have attempt- 
ed to estimate the size of the reflecting particles 
and to compare them with the data of electron micro- 
scope observations. 

As an example, Fig. 5 shows an electronmicro- 
photograph of the alloy ZhS6 obtained by Grekova, in 
which the details of the forms and distribution of the 
y’ phase formations can be clearly seen. 

Measurements of the size of the y “phase formations 
in electronmicrophoographs of the alloy ZhS6 showed 


that depending on the conditions of heating, hold- 
ing and cooling the alloy, the size of the y’ phase 
formations changes within limits of from 5 x 107 
to 3 x 10° mm. 


FIG. 4. Schematic position of dashes on the 
reflections of the X-ray photograph of 
Figs. 1 and 2. 


Measurements made from the X-ray photographs 
obtained by us showed that the size of the reflect- 
ing particles is roughly 5 x 10° mm. Good agree- 
ment with the electronmicroscopic data is thus ob- 
tained. This gives grounds for suggesting that the 
dash-like reflections are really reflections from the 
elements of the substructure of the y and y’ phases. 


FIG. 5. Electronmicrophotograph of the alloy ZhS6; 
x 10,000 


CONCLUSIONS 


1. The maximum difference in the parameters of 
the lattices of the y and y’ phases in the alloy 
ZhS6 are about 0.002 kX both at high temperatures 
(1125° and after one hr holding at 1200°) and in their 
electrolytic separation. 

2. Diffusion processes which occur in the alloy 
ZhS6 at a temperature of 1125° lead to the segrega- 
tion of the lattices of the y and y’ phases. 

3. In the process of holding the alloy at a temper- 
ature of 1200° diffusion displacement of the compon- 


ents from the y’ phase into the solid solution occurs. 


4. On cooling the solid solution from a tempera- 
ture of 1250° the segregated y’ phase is first preci- 
pitated, but at a lower temperature the “interlinking” 
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Identical lattices 


of the lattices of the y and y’ phases occurs. S.T. Kishkin and N.F’. Lasnko, which they note 


In the carrying out of certain stages of this work with gratitude. 
the authors had advice and valuable advice from Translated by B. Ruhemann 
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ON THE NATURE OF ¢,-PHASE OF THE SYSTEM Fe-Si* 
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Urals Polytechnic Institute named after C.M. Kirov 
(Received 6 June 1959) 


As is well known [1, 2] the physical properties 
of alloys of iron with silicon containing more than 
50 % Si are very sensitive to the phase condition of 
the leboite. In connexion with this, numerous in- 
vestigations of structural peculiarities and of con- 
ditions of stability [3, 7] of ¢,-phase were carried 
out. By this it was proved [6, 8-11], that the high- 
temperature a-variety of leboite, inclined towards 
supercooling, it broken eutectically at 915-920° 
with the formation of the low-temperature ¢g-phase 
and of silicon (Fig. 1). It was further shown [1,2] 
that a-leboite is characterized by metallic proper- 
ties and 8-leboite by semi-conductor properties. 
Finally, it was discovered [2, 13] that in technical 
varieties of ferrosilicon the presence of ¢,-phase 
makes them predisposed towards dispersal. 

Information on the structural properties of the 
high-temperature phase is insufficiently precise. In 
particular, rather large differences of opinion exist 
in the appraisal of the concentration boundaries of 
its stability [3-7]. This also follows with regard to 
the temperature of the eutectic and peritectic con- 
versions [6, 8-11]. 

Appraisals of the construction of ¢,-phase are 
more uniform. According to data by Phragmen [4], 
leboite possesses a tetragonal nucleus characteriz- 
ed by the spatial group oi with the following 
position 


2 


Fe—[[000]}; Si—[[<, 


where z = 0.25. The parameter of the networks 
diminish somewhat with the growth in the content 
of silicon in the leboite (from 53.0 to 55.0 weight % 
Si). This circumstance and also the fact that within 
the limits of the area of homogeneity of ¢,-phase 
the content of silicon exceeds the appropriate 
stoichiometric compond FeSi, (50.1 weight % Si) 
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600 


feSi Weight % Si 


FIG. 1. The system FeSi-Si. 


Phragmen explained by the substitution of a section 
of iron atoms with atoms of silicon. 

Other investigators [5,7] do not object to this 
pattern of construction of the leboite although in the 
work [2] some doubts have been expressed in this 
connexion. 

As far as the structural parameter of z ¢)-phase 
is concerned, it was shown []2] that in the frame 
work of Phragmen’s suppositions, the calculated and 
observed intensities agree better with each other if 
z is assumed equal to 0.28, not 0.25. 

It must be noted that the considerations by 
Phragmen of the structure of a-leboite cannot be 
acknowledged as sufficiently convincing inasmuch 
as they bear an a priori character and do not permit 
an identical choice to be made between patterns of 
substitution and substration. In connexion with this 
an interesting aspect of investigation was present- 
ed not only of the boundaries of homogeneity of 
Ca-phase but also of the connexion of their para- 
meters with densities of the alloy. 

1. Specimens. Alloys of iron with silicon, contain- 
ing 50.0 to 58.0 Si were prepared for investigation. 
Crystalline silicon (containing about 0.02 weight % 
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TABLE 1. Comparison of measured and calculated densities of some silicides 


Density, g/cm? 


Substance 


Calculated 


Observed 


Si 
CrSi 
CrSig 

FeSi 


TABLE 2. Influence of the content of silicon in alloys with iron on parameters of the network, 
density and number of atoms in the elementary nucleus of a-leboite 


Parameters of 


3 
the network Density, g/cm 


Number of atoms in the nucleus 


Calculated 


A 


a, 


Experi- 
mental 


2.6937 
2.6937 
2.6937 
2.6937 
2.6937 
2.69132 
2.6923 
2.6901 
2.6872 
2.6869 
2.6870 


SPAR AL 
% 


| 
| 


AD 


cosse 
xe | | 


| | 
| | 


of admixtures) and also carbonyl iron of mark R4 
previously degasified served as initial materials. 
Batches of thinly ground reagents were carefully 
intermixed, pressed into tablets and fused (in 
quartz crucibles) in the tungsten furnace TVV-1 
with a pressure of about 10 mm hg. The samples 
obtained were homogenized (in a vacuum) at 1080° 
for 100 hr and were then hardened in air to stabilize 
€q-phase. Control experiments confirmed the con- 
clusion reached earlier [13] that in these conditions 
the breaking up of a-leboite is slowed down com- 
pletely. 

Specimens prepared in this way were subjected 
to metallographic investigation and were then 
ground in an agate beater. For X-ray analyses the 
powder was again fired for an hour at 1080° (for 
relief of pressures) and was then cooled quickly in 
air. 

2. Method of Investigation. X-ray analyses were 
carried out in the chambers VRC-3. Exposures were 
taken in cobalt emission (12 mA 32 kV) with asym- 


metrical insertion of the film. Measurements of the 
X-ray photographs were produced with the help of 
the comparator [ZA-2. Parameters of the network of 
the leboite were determined according to the lines 
(220) and (204) with an accuracy to + 0.0001 A (for 
a) and + 0.002 A (for c). 

Measurements of the densities were carried out 
pycnometrically in thermostatically-regulated con- 
ditions with the use of a middle fraction of refined 
kerosene. The charging of the pycnometer with a 
weighted portion of the preparation was carried out 
with kerosene in a vacuum. Verification of the 
accepted method of measurement of densities was 
carried out on the preparations of silicon and also 
of monosilicide of iron and silicides of chromium 
prepared in the Institute of metal-ceramics and 
special alloys Akad. Nauk Ukr. S.S.R. A compar- 
ison of the results obtained with densities calculat- 
ed by structural characteristics is given in Table 1. 
It confirms the sufficient accuracy and reliability 
of the accepted scheme of measurements. 
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FIG. 2. Relationship of parameters of a-leboite with 
the content of silicon. 


RESULTS OF MEASUREMENTS 


A. Borders of homogeneity of a-leboite. Results 
investigations of parameters of the network of 
a-leboite of a varying composition are given on 
Fig. 2 and in Table 2. As is evident from these 
data, with a content in the alloys of less than 53.5 
and more than 56.5 weight % Si the parameters of 
the network of ¢,-phase prove not to be related to 
the composition. In those specimens in which the 
concentration of silicon was increased from 53.5 to 
56.5 weight %, a regular decrease of the parameters 
of a and c was observed. Arising from this, the con- 
clusion may be reached that a-leboite at 1080° is 
characterized by the area of homogenity from 53.5 
to 56.5 weight % Si, the extent of which largely 
agrees with that established earlier by Haugton and 
Becker [7]. 

This conclusion is confirmed by results of metal- 
lographic investigations. In particular they disclos- 
ed a very considerable quantity (around 3%) of 
eutectic colonies (« + ¢,) in the section of the alloy 
containing 53.5 weight % Si. With lesser contents 
of silicon the quantity of e-phase increased quickly 
(Figs. 3, 4) — with 53.2% Si — 18%, with 52.5 Si — 
60% eutectic (e+ ¢,). With larger contents of Si the 
alloy was single-phase and contained only ¢,-phase 
By a similar method the upper border of stability of 
the single-phase a-leboite was confirmed (Fig. 5). 
Microphotographs were produced in polarized light 
with a crossed polarizer and analyzer. In these 
conditions a-leboite is dark and light in relation to 
the orientation of the granule but the monosilicide 
is always dark. 

B. Nature of the C,-solid solution. The structural 
peculiarities of the a-leboite may be explained by 


FIG. 3. Excessive monosilicide and eutectic (€ + Cg) in 
an alloy with 50% Si; crossed nicols, x 60. 


the formation of solid solutions of either substitu- 
tion or subtraction. Both this and other patterns 
agree qualitatively with observations over the de- 
crease of parameters of the network of ¢,-phase 
with the growth of the silicon content in it. It was 
decided to use the well-known procedure based on 
a comparison of experimental and calculated densi- 
ties of the alloy and also an analysis of intensities 
of the reflexes for a well-defined establishment of 
the nature of the C,-solid solution. 

A claculation of the density was carried out by 
the formula 


p= (AL. Npe t Asi 


(1) 
where n — general number of atoms in the nucleus 
with parameters a and c; 
N. — Avogadro number; 
Are, Nee, Asi, Ngj — atomic weights and atomic 
parts of iron and silicon. 

Apparently, for the pattern of substitution n = 3, 

but with the formation of perforated structures 


2 
(15, = 2). 


By setting out data on the density of the leboite, 
it is not difficult to calculate the number of atoms 
of iron and silicon arriving at one nucleus: 

fs, = 
AreNpe + 


Agere + AsiNgi 


Nee 


2.694 
2.69. 
vol 
8 
19° 
(2) 
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FIG. 4. Eutectic monosilicide in an alloy with 53.2% Si; 
crossed nicols, x 240. 


In Table 2 and on Fig. 6 a comparison is made 
of experimental and calculated densities (for pat- 
terns of substitution and subtraction) and also of 
the number of atoms in the elementary nucleus. As 
is evident from the data given in Table 2, within 
the limits of the area of homogeneity ng; = 2 at the 
time when the number of iron atoms in the element- 
ary nucleus diminishes with the growth of Nc; from 
0.87 to 0.77. This cicumstance serves as a reliable 
indicator that a-leboite is not a solid solution of 
substitution (for which ng; > 2 and must grow with 
the increase of Ng;) and is characterized by perfora- 
tion in the sub-network of iron. 

A comparison of experimentally measured and 
calculated densities of alloys of a varying composi- 
tion supplies information on this point. In fact (see 
Table 2 and Fig. 6) densities of leboite calculated 
by Phragmen’s patterns (solution of substitution) 
not only according to the absolute value bu‘ also 
according to the concentration course differ essen- 
tially from experimental data. On the contrary, the 
assumption concerning the formation of a solid 
solution of subtraction leads to results which in 
practice coincide with experimental results. 

Evidently, the increase of perforation of the sub- 
network of iron with the growth in the concentration 
of silicon in a-leboite must be expressed on the 
relative intensities of the Debye lines. In particu- 
lar, the intensity of the weak reflections (100) and 
(120), the structural amplitude of which is defined 
by the variation of the dispersal capacities of 
atoms located in positions [[000]] and 


and do not depend on the parameter z, must increase 


FIG. 5. Eutectic silicon in an alloy with 57% Si; crossed 
nicols, x 240. 
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FIG. 6. Calculated and experimental densities of 
a-leboite. 
1 — solution of substitution; 
2 — solution of subtraction; 
e — experimental results. 


with the growth of Nco;. This is also observed in 
reality. It is hardly possible to explain the indicat- 
ed regularity by substitution of iron atoms with 
silicon which can bring forth an effect considerably 
less than that observed. On the contrary, the inten- 
sities of lines (100) and (120 calculated on the 
assumption of perforation of the sub-network of iron 
agree satisfactorily with intensities of other weak 
lines observed. 

Thus, experimental data on the concentration 
relationship of parameters of the network and den- 
sity of the leboite and also on the intensities of 
reflexes of weak lines assert that the high-temper- 
ature Cq-phase, despite the foregoing statements, 


is a solid solution of subtraction of which the con- 
centration of holes in the sub-network of iron 


changes from 13 to 23% within the limits of the 
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area of homogeneity. 


Translated by J. Harvey 
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ON THE REDUCTION OF COPPER FERRITE WITH GRAPHITE * 
N.M. STAFEEVA, V.N. BOGOSLOVSKII, G.I. CHUFAROV and V.A. SUBBOTINA 
Institute of Metallurgy Ural Branch, Academy of Sciences SSSR 
(Received 19 March 1959) 


Copper ferrite CuF'e,0, has a tetragonal structure 
at room temperature [1, 2]. At high temperatures it 
possesses a cubic structure which may be come 
metastable by quick cooling [3]. These structures 
may be represented in the form of a close-packed 
cubic array of oxygen ions in the intersticies of 
which are located cations. The disposition of ions 
in the unit cell of the tetragonal form of the ferrite 
approaches the distinctive distribution of the re- 
verse spinel. 

The cubic form represents an intermediate spinel 
in which there are both Fe** and Cu?* ions in the 
tetrahedral and octahedral units. 

Conversion of tetragonal into cubic ferrite takes 
place at 760°[1]. With this the character of the 
forces of the link between the ions is changed [4, 
5]. The covalent reaction which plays a significa- 
tion role in the network of tetragonal ferrite develops 
more weakly in cubic ferrite in which the interact- 
ion is basically ionic. Such a change in the charac- 
ter of the interatomic forces may exert influence on 


the kinetics of restoration. 
In the current work the kinetics and the mechanism 


of reduction of tetragonal and cubic ferrites with 
graphite in a vacuum are investigated. 


INITIAL MATERIALS 


Graphite, being used in the nature of a reducer, 
was prepared by grinding Acheson electrodes and 
by annealing, first at a temperature of 1200° in a 
graphite crucible without an air inlet and later in a 
vacuum at a temperature of 1000°. 

The ferrite was obtained by annealing a mixture 
of the composition CuO. Fe,0, in air at a tempera- 
ture of 1000° for 30 hr. With slow furnace cooling of 
the specimens a mixture of the cubic and the tetra- 
gonal forms was obtained, as shown by X-ray in- 
ves:igations. Such a mixture was also obtained by 
furnace cooling of the ferrite to 530° and subsequent 
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quenching in water, although only the cubic form is 
to be expected in this case, according to [3]. 

A ferrite with a cubic lattice was obtained by 
quenching specimens in water immediately after the 
end of the annealing, i.e. those heated to 1000°. The 
data of X-ray analysis of such a specimen coincides 
with those given in the literature [5]. 

A ferrite with a tetragonal lattice is obtained by 
annealing at 1000° with subsequent exposure for 
three hr at 700° and slow furnace cooling. 


METHOD OF CARRYING OUT EXPERIMENTS 


Experiments on the reduction of copper ferrite 
were carried out in a vacuum apparatus [6] with 
spring quartz weights. 

In all cases the weighed portion of the reduced 
specimen amounted to 0.5 g. 0.15 g of graphite was 
added i.e. almost triple the quantity necessary for 
full reduction. 

The ferrite was elaborately intermixed and ground 
with graphite in an agate beater. The ground mix- 
ture was placed in a quartz crucible and suspended 
to a quartz sping, the tension of which was fixed 
by a micro-cathetometer. 

The weighed portion was first degasified at 300° 
and with a pressure of 10% mm Hg. Later the furnace, 
heated to the given temperature, was moved near 
to it. The gases obtained as aresult of the reaction 
were evacuated through a trap immersed in nitrogen. 
In the trap was frozen carbon dioxide the quantity 
of which was determined according to the pressure 
after evaporation in a known space. In the apparatus 
three such traps were sealed in parallel! and were 
switched to the reactive space in sequence after 
a certain interval of time. Thus the quantity of 
carbon dioxide obtained as a result of the reaction 
after a defined interval of time was determined. 
According to the difference between the loss in 
weight determined by the shortening of the spring 
and the quantity of CO, frozen in the trap, the 
quantity of carbon dioxide obtained for the same 
interval of time was determined. 
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FIG. 1. Relationship of the reduction speed of tetragonal 
copper ferrite with graphite to the percentage of 
reduction at various temperatures. 


The percentage of reduction was calculated from 
the quantity of oxygen removed from the weighed 
portion. 

The solid products of reduction were investigated 
by X-rays. The lattice parameters of each phase 
were determined by a method of extrapolation from 
the graphite parameters. 


RESULTS OF EXPERIMENTS AND THEIR 
DISCUSSION 


Reduction of tetragonal ferrite was carried out at 
temperatures both lower than the transformation 
point (650, 700, 750°) and higher (800, 900, 1000°). 
Results of the experiments are given on Figs. 1 and 
2. 

At temperatures of 650, 700 and 750° a consider- 
able percentage of reduction was attained (respect- 
ively 11; 18 and 24%). At 800° reduction proceeded 
somewhat more extensively but the process practical- 
ly ceased toward 33-35%. At this stage, the react- 
tion rate of the reduction has a clearly defined max- 
imum. With a rise in temperature, the rate increases, 


Reduction, % 


FIG. 2. Relationship of the reduction speed of tetragonal 
copper ferrite with graphite to the percentage of 
reduction at 900°. 


and the transformations related to the lattice change 
from tetragonal to cubic, have an effect to some 
degree on the rate of the process, since the temper- 
ature coefficient of rate in the range 750-800° is 
considerably more than in the range 650-750°. 

With a temperature of 800° the sample was reduced 
until such a time as it was practically possible to 
measure the speed of the process and the tempera- 
ture was then raised to 1000° and reduction carried 
through to the end (see Fig. 1, curve for 800-1000°). 
From the diagram it is seen that up to 50 per cent, 
the speed of reduction continues to fall and after- 
wards begins to increase. At 900 and 1000° the 
speed is high at the beginning of the process. 

All the peculiarities of the reduction of copper 
ferrite with graphite may be seen from the kinetic 
curve obtained at 900° (Fig. 2.). The initial stage, 
as is seen from Fig. 2, passes through a maximum 
reaction rate which afterwards falls sharply, and at 
40-50% reduction the rate becomes very small. How- 
ever, after 50 per cent the growth of the reaction 
rate may be observed and is clearly seen on section 
of the kinetic curve between 30 and 70 per cent of 
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reduction. This is portrayed on an enlarged scale 
on the right hand section of Fig. 2. 

On Fig. 3 are compared kinetic curves expressing 
the relationship of reduction rate of tetragonal and 
cubic forms of copper ferrite from the degree of 
reduction at temperatures of 700, 800 and 1000°. 
From the diagram, it is seen that at the same temper- 
atures the reduction speed of the cubic ferrite is 
less than the tetragonal. In addition, for the cubic 
form the maximum process speed does not develop 
at the first stage. Subsequent stages are similar in 
character for both forms. 

Gaseous products of the reaction consist of a 
mixture of CO and CO,,. In the first stage of the pro- 
cess the content of CO, reaches 60-65 per cent. 
Between 33 and 50 per cent of reduction the gas 
phase contains 40-25 per cent of carbon dioxide, in 
the interval of 50-60 per cent reduction the content 
of CO, falls to 12 per cent, towards 70 per cent re- 
duction down to 3 to 4 per cent; after 70 per cent to 


the end of reduction the gas phase consists practical- 


ly of pure carbon oxide. 

The results of X-ray investigations of the solid 
reduction products are given in Table 1. 

At temperatures of 650, and 750°, the products of 
incomplete reduction consist of copper, the spinel 
phase and remains of the initial tetragonal ferrite. 


FIG. 3. Comparison of kinetic curves of reduction of tetragonal and cubic 
copper ferrites with graphite at 700 and 800- 1000°. 
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The spinel phase in this case may correspond to 
either magnetite or cubic ferrite, the lattice para- 
meters of which are so close to each other that it 
is impossible to differentiate between them by the 
usual methods of phase analysis. 

X-rays taken of the specimens show, however, 
that a considerable quantity of copper is present in 
the reduction products as an independent phase and 
consequently cannot enter into the composition of 
the spinel. This permits consideration as to whether 
the spinel phase in these specimens is magnetite, 
containing, possibly, some quantity of dissolved 
copper which agrees with the instability of cubic 
ferrite at temperatures below 760°. 

On X-ray photographs of the specimens reduced 
at 900° to 13-30 per cent, lines are also present 
which are peculiar to diffractional pictures of cop- 
per, spinel and tetragonal ferrite. 

The spinel constituent of the specimen in these 
cases evidently represents a mixture of magnetite 
and cubic ferrite, the lattices of which, as noted 
above, are closely related. The latter is formed at 
the indicated temperature from tetragonal ferrite as 
a result of phase transformation. At 800° and 24 per 
cent reduction tetragonal ferrite is not found in the 
specimens, since under these conditions the reduct- 
ion process proceeds comparatively slowly (Fig. 4), 
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TABLE 1. Results of X-ray investigation of solid products of reduction 


Reduction % ° ° ° Other 
A A | ayer A freq, A | phases 


Initial ferrite — tetragonal 
3.608 3, 374 CuFe,0, 
Tetragonal 
Tetragonal 
Tetragonal 
Tetragonal 


3. 608 
3.608 
300 
3.999 
3.599 
3.599 
3.599 


Initial ferrite — cubic 
2.608 8.374 


After 800 3.608 — 2.862 


D 
S 


S 


Reduction, % 


S 


80 100 120-140 min 


FIG. 4. Change of the percentage of reduction of tetragonal copper ferrite 
for a given time at 800 and 900°. 


and the phase transformation of tetragonal ferrite dissolved in the copper. With the transformation of 
to cubic goes to completion. one modification into another a change of inter- 

In specimens reduced at 900° to 40 per cent, in atomic forces in the lattice takes place, apparently 
the solid phase, in addition to copper, wiistite is contributing to the solution of iron in copper. Proof 


of this is also served by the cicrumstance that the 


present. At 1000° the final products are copper and lattice parameter of copper does not change mono- 
iron. tonically, as would be expected if the appearance 
Upon reduction of cubic ferrite the following solid of a solid solution was independent on the change 
reduction products are obtained: in the first stage of solubility with temperature, but with a rapid 
copper and the spinel phase, but after 50 per cent — drop corresponding to the transition point (Fig. 5). 
copper, wustite and iron. On the basis of the given experimental material 
It must be noted that copper obtained with the the first stage of the process may be schematical- 
reduction of tetragonal ferrite above the transform- ly recorded thus: 
ation point has a lattice parameter Somewhat lower 
(3.599 A) i in comparison with the tabulated data e.0, + 2CO 5CO,. 
(3.6080 A). In the case of the reduction of tetragonal 
ferrite below the transformation point and with the 
reduction of cubic ferrite, copper is obtained with Calculated from this scheme, the degree of reduct- 
a lattice parameter corresponding to pure metallic ion is equal to 33.3 per cent. After this magnetite 
copper. The lowered lattice parameter of copper begins to be reduced to wiustite and after 50 per 
indicates that with reduction of tetragonal ferrite at cent wustite to iron. At the second and third stage 
temperatures above 760° some quantity of iron is the Process continues as with the reduction of 


observed; with 63 per cent reduction, iron is also 
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FIG. 5. Relationship of the parameter network of copper 
to the temperature of reduction of tetragonal ferrite. 


simple iron oxides. 

The probable mechanism of crystal-chemical trans- 
formations during the reduction of copper ferrite may 
be represented in this way: according to the remov- 
al rate-of oxygen on the surface of the ferrite a sur- 
plus amount of iron and copper ions is formed. Cop- 
per, as the least firmly linked with oxygen, forms a 
metallic phase, but iron diffuses deeply into part- 
icles of the ferrite, displacing the copper. Part of 
the trivalent ions of iron are converted into the 
bivalent, due to the process of reduction. The fer- 
rite structure approaches the structure of magnet- 
ite. After all the ferrite is converted into magnetite, 
reduction of the latter begins according to the 
scheme laid out in the work of Arkharov, Bogoslovs- 
kii, Zhuravleva and Chufarov [7]. 

Thus, metallic copper is obtained in the first 
stages of reduction and iron at the end as a result 
of the following transformations: copper ferrite > 
magnetite > wustite > iron. 


CONCLUSIONS 


The reduction of tetragonal and cubic copper 
ferrites with graphite proceeds gradually 


CuFe,O, Cu + Fe,0,; 


Fe,0, ~ FeO; FeO > Fe. 


At temperatures of 650, 700, 750 and 800° only 
the first stage of reduction is observed but at 900° 
and higher temperature — all three stages. The rates 
of reduction of the first and third stage are charact- 
erized by the presence of a maximum. 

Upon the reduction of tetragonal copper ferrite 
at temperatures above the transformation points a 
solid solution of iron ia copper is obtained. This is 
related to the simultaneously proceeding process of 
transformation of the tetragonal lattice of copper 
ferrite into the cubic. 

The probable mechanism of crystal-chemical 
transformations during the reduction of copper 
ferrite with graphite is given. 


Translated by J. Harvey 
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THE EFFECT OF VACUUM ON VARIATION OF CRITICAL TEMPERATURES STRUCTURE 
AND CHEMICAL COMPOSITION OF CAST IRON * 
V.P. CHERNOBROVKIN, V.S. BELYAEV and A.A. DOBRYDEN’ 
Institute of metallurgy, Ural Branch, Academy of Sciences USSR 
(Received 21 November 1958) 


Vacuum finds many applications in metallurgy 
[1-3]. In particular, it is used for degasifying when 
transformer steel is smelted. It gives a significant 
increase to its plastic and transformer properties by 
removing the gases O,, H,, N,, sulphur and similar 
types of impurity [4, 5]. 

The influence of vacuum on the properties of 
steel has not been completely studied especially 
from the metallographic point of view. Very little 
work has been done on the “vacuumization” of cast 
iron. This is explained by the fact that less string- 
ent demands are made on cast iron than on steel, 
hence the expensive process of vacuumization for 
treating cast iron has not been applied as yet. Mean- 
while, the study of the effect of vacuum on the pro- 
perties of cast iron shows considerable interest. 

Tavadze and Bairamashvilli [6] have described 
the structure of cast iron, obtained in a vacuum. 
The melts were made in a TGV-1 furnace in mag- 
nesite tubes at a residual pressure of 107 mm Hg. 
The cast iron was reheated to 1320° and held at that 
temperature for 20 min. The authors have noted the 
considerable variation in chemical composition of 
cast irons melted under a vacuum compared with 
ordinary cast irons. For example, a lower combined 
carbon content and appreciably smaller quantities 
of phosphorus and sulphur are observed. Vacuum 
also has a effect on the structure of cast iron; gra- 
phite accretions have a fine, scaly eutectoid char- 
acter. Among the aggregates of fine graphite coarser, 
plate-like graphite is dispersed. 

In another work of these same authors [7], the 
metallic basis of the vacuumization of cast iron is 
described. It shows isolated pearlite particles with- 
in the ferrite deposits. 

Bunin and Salli [8] noticed an interesting pheno- 
menon when annealing white cast iron in a vacuum. 
After holding at 950° and cooling, graphite separat- 
ed out on the polished surface of the sample. The 


* Fiz. metal. metalloved., 8, No. 5, 747-751, 1959. 


structure of the sample remained characteristic of 
white cast iron. As the annealing time was increas- 
ed so the quantity of graphite on the surface increas- 
ed and the superficial layer of austenite increased. 
Graifer and Salli [9] noticed the separation of car- 
bon on the surface of steel graphitized in a vacuum. 

In the last article some facts are given about the 
influence of low residual pressure on the situation 
of the critical points, the structure and the chemic- 
al properties of cast iron. 


EXPERIMENTAL METHOD 


The experiments were conducted in a vacuum 
furnace type TGV-1 with molybdenum heating ele- 
ments (Fig. 1). A vacuum and a diffusion pump 
maintained a residual pressure of 1 x 10“ mm Hg 
in the system. The molybdenum heating elements 
made it possible to melt the cast iron and re-heat 
it to a temperature of the order of 1250°. 

Measurements of the residual pressure were made 
with a thermocouple monometric lamp LT-2 and a 
vacuum meter. Temperature was measured by means 
of a chromel-alumel thermocouple, the cold junc- 
tion of which was at the temperature of melting ice; 
and also a compensating potentiometer. Time was 
reckoned with a seconds clock. 

The cast iron was melted in a Tamman furnace. It 
was cast in a sand mould gear as applied for 
determining the properties of metals [10]. The critic- 
al temperatures of the cast iron were determined as 
it cooled in the mould. 

A stock length of 35-36 mm was cut off the cooled 
sample. A sample for vacuum melting was prepared 
according to pattern by turning in a lathe. A porce- 
lain crucible served as a pattern. Through the 
centre of the sample a hole 3.5 to 4 mm diameter 
was bored to admit the hot junction of the thermo- 
couple, which was protected with a silica sheath. 
The sample and crucible were inserted in a large 
crucible which was placed on the fire brick support 
in the working region of the furnace. 


Structure and chemical composition of cast iron 


FIG. 1. Diagram of the arrangement of the sample and thermocouple in a vacuum furnace: 
1 — thermocouple; 2 — furnace cover; 
3 — furnace lining; 4 — conductors; 
5 — side-screens; 6 — moveable platform; 
7 — bottom screens; 8 — heaters; 
9 — fireclay support; 10 — crucible for melting; 
11 — protective crucible; 12 — top screens. 


TABLE 1. Variation of critical points and composition of cast iron when melted in a vacuum 


Content of elements % 


Melting 
conditions 


Period of 


eutectoid arrest, 


eutectic arrest, 
minutes 


Temperature 
of eutectic 
arrest °C 
Temperature 
of eutectoid 
arrest °C 
Period of 
minutes 


Order C 


Normal 
vacuum 


Normal 
vacuum 


Sa 
— 


oun 
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Normal 
vacuum 


mo 


Normal 
vacuum 


| wooo | 
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Note: The contents of silicon (1.7%) and phosphorus (0.14%) in the cast iron remained 
the same. 
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FIG. 3. Structure of grey cast iron, re-melted in the vacuum furnace. 


The furnace was covered with three detachable 
screens and a lid, which had apertures for thermo- 
couples. 

A glass cover was placed on the furnace, under 
which a residual pressure of 1 x 10“ mm Hg was 
created. The glass covered was protected by metal 
gauze which helped to carry away the heat and pre- 
vented it from being mechanically damaged. The fur- 
nace and the sample were heated up slowly so that 
the gases evolved could be removed uniformly and 
the vacuum not be destroyed. 

The melted cast-iron was held for 30 min under a 
vacuum at the re-melting temperature. Later, cooling 
commenced, in which time, the critical points of the 
cast iron were determined. After the eutectic trans- 
formation has been passed the second heat was 
carried out, holding for 20 min and finally cooling. 
Then the vacuum was removed and the sample taken 
from the furnace. 

The sample was now broken to determine the type 


of fracture. Part of it went to make a polished spe- 
cimen. Turnings were taken from the other part for 
a sample for chemical analysis. 

The results of the experiments are shown in 


Table 1. 
CONSIDERATION OF RESULTS 


To work out an experimental method, some preli- 
minary melts were carried out. Subsequently four 
experimental melts were made. The chemical com- 
position of the original cast iron is shown in the 
table. 

The surface of the sample not adjacent to the 
walls of the porcelain crucible shown a smooth 
prominent plane after vacuumization, on which pro- 
jections taking the form of grain boundaries are 
observed. On that surface the graphite is often seen 
in the form of fine particles. 

The surface of the sample adjoining the walls of 
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FIG. 4. Structure of white cast iron, re-melted in the vacuum furnace. 


the crucible, on the other hand, is uneven with a 
great number of channels very like the channels from 
gas bubbles. The same is also observed in the re- 
gion of the thermocouple. 

The samples are very tough, quite flexible and do 
not fracture for a long time without previous defac- 
ing with a chisel. 

The fracture of the samples is fine grained at the 
surface and shows a black periphery. In the centre 
of the bar the fracture is more coarse-grained and on 
the whole field white projections are seen which 
indicate that there is a prevalence of ferrite in the 
structure. 

The chemical composition of the cast iron changes 
considerably. In all the melts the quantity of graph- 
ite increased, the manganese content was very much 
lower (from 0.64 to 0.14 and even down to 0.04%. 
Melt 3.), and the sulphur content was reduced by 
6 to 8 times. 

During the experiment the temperature of the 
sample was taken every 15 sec. The eutectic tem- 
perature of the vacuumized samples could be com- 
pared with the same temperatures in corresponding 
cast irons melted in the Tamman furnace. The gene- 
ral rule seems to be the lowering of the critical 
point on melting in a vacuum. For instance the 
eutectic arrest in ordinary cast iron, melt 1, was 
observed to be 1139°. That same cast iron re-melted 
in a vacuum had the arrest at 1134°. After repeated 
heating and finally cooling the eutectic temperature 
is still lower. For the melt given above it is 1132°. 

The eutectoid temperature on cooling a vacuumiz- 
ed cast iron is almost identical for all melts and at 
730° it is higher than for ordinary cast iron. 

The period of the eutectic and the eutectoid 
arrest for the vacuum and ordinary cast iron is also 
shown in the table. The eutectic period of cast iron 


cooled in a vacuum is longer than that of ordinary 
cast iron. 

It is possible that this is connected with the 
somewhat more rapid cooling of the latter. The 
period of eutectoid arrest, on the other hand, is 
longer for ordinary cast iron than for vacuumized 
cast iron. 

As the microstructure analysis shows (Figs 2 and 
3) the flaky form of graphite is maintained in 
vacuum treated cast iron, the basic mass of the 
pearlitic is transformed into the ferritic, coupled 
with which a large quantity 12 to 15%) of graphite 
inclusions are found amongst the grains of the spe- 
cimen. The graphite is masked by colonies of med- 
ium degree of dispersion, the average length of the 
flakes being 13 microns. The graphite has a dendri- 
tic character in its distribution. 

Vacuum treatment was also given to a cast iron 
of composition 4.1% C; 0.18% Si; 0.2% Mn; 0.3% P. 
This cast iron on cooling in a sand mould, diameter 
of the sample 30 mm had a white fracture. After re- 
melting in a vacuum it became grey with a pearlito- 
ferritic basic mass (Fig. 4). 


CONCLUSIONS 


1. When cast iron is melted in a vacuum, its 
chemical composition is greatly changed, the Mn 
and S contents go down and the content of graphite 
rises. 

2. Eutectic transformations on cooling cast iron 
in a vacuum occur at lower temperatures and eutect- 
oid at higher temperatures. 

3. arlitic grey cast iron after re-melting in a 
vacu a becomes ferritic and white cast iron 
pear’ o-ferritic. 


Translated by W.J. King 
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HOT-ROLLED TRANSFORMER STEEL WITH LOW SPECIFIC LOSSES* 
N.F. DUBROV 
(Received 14 March 1959) 


Industrial batches of hot-rolled transformer steel 
of sheet thickness 0.35 mm and with specific losses 
P osm within the limits 0.75- 0.85 v/Kg, Pis/s0 
within the limits 1.72- 1.96 v/Kg (using sheets of 
experimental design) were first obtained at the 
Verkh-Isetsk metallurgical works. Interest was shown 
in determining the characteristics of chemical and 
structural composition of the steel with these low 
specific losses. As a basis of a method for deter- 
mining these characteristics a comparison was made 
of the results of chemical, metallographic and elec- 
tron microscope tests‘ on steel samples selected 
from batches of sheets with 0.75- 0.85 v/Kg 
(best indices); Paye 0.86- 0.95 v/Kg) mean indices) 
and P,, ,55 0.96-1.25 v/Kg (worst indices). 


A. CHEMICAL INVESTIGATION 


For the chemical investigation samples were 
selected from 90 batches of steel, which had been 
annealed in vacuum furnaces at 1090° the overall 
weight being more than 700 tons. The contents of 
Si, C, Mn, S, P, Cr, Al, Cu, Ti, Ni, N,, Al,O; were 
determined in the samples. 

In Table 1 the average content of the above- 
mentioned elements is given for the best, medium and 
worst indices. 

In this table two groups of metal are shown: the 
first group-metal melted in electric furnaces, and the 
second-metal melted in Martens furnaces. 

Comparing the figures of Table 1. there is hardly 
a noticeable difference in the contents of the vari- 
ous elements in the best and worst steel. This 
refers chiefly to impurities like N,, S, Al, Al,O,. 


In the best steel they are less and in the worst, more. 


In Martens steel the sulphur content is notably 
higher than in electro steel, but the content of Al 
and Al,0, in the first is lower particularly when 
compared with bad electro steel. The suggestion 


* Fiz. metal. metalloved., 8, No. 5, 752-757, 1959. 
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that there was a lower content of nitrogen in sheets 
rolled from Martens steel was not confirmed. From 
the figures of Table 1 it is seen that the higher 
Nitrogen content goes with the higher aluminium 
content, — this is particularly well observed in bad 


electrosteel. 


B. METALLOGRAPHIC INVESTIGATION 


Samples were taken in the form of small strips 
from the sheets with specific losses P,, ,.. from 
0.75 to 0.85, from 0.95 to 0.99 and from 1.22 to 
1.27 v/Kg., for the metallographic tests. 

Chemical analysis of the strips taken from the 
sheets for metallographic testing and data on speci- 
fic losses of the sheets are given in Table 2. 

The amount of non-metallic inclusions in the 
sheets, their nature and dimensions were determined 
by a metallographic method; the dimensions of the 
ferrite grains (by counting the number of grains to 
the square mm of surface) and micro-structural 
constants were also determined. 

Non metallic inclusions. The number of non metal- 
lic inclusions in the unetched strips was found by 
a calculation method. The criterion for estimation 
was the average number of non-metallic inclusions 
in 1 mm? of surface, determined for 60 grain regions 
with a magnification of 600. The non-metallic in- 
clusiens observed in the various strips could be 
sorted out into 4 types, differing one from the other. 

Type 1. — Globular silicate inclusions — simple 
and complex silicates; — Si0,, 2FeOSiO,, MnOSiO,, 
nFeO. mMnO. pSiO,; 

Type 2. — Finely dispersed acute angled (acicular) 
or rectangular inclusions of titanium carbo-nitride, 
Ti (CN); 

Type 3. — Sulphide inclusions, FeS, MnS; 

Type 4. — Acicular inclusions rich in alumina, 
Al,0,, Al,0,.Si0,, Al,0,. FeO. 

In Table 3 results are shown of the determination 
of the overall amount of non-metallic inclusions, 
their types and dimensions in the strips. From the 
figures given in this table, it is seen that there are 
less non-metallic inclusions in low-loss steels, 
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TABLE 1. Average values of the chemical composition of transformer steel samples with 
different specific losses 


No. of 


samples 
tested 


Specific losses v/kg 


Magnetic Contents % 


Piosso 


Pi5 50 


induction 
Bas gauss| 


| 


0.75—0.85 
0.86—0.95 
0.96—1.25 


0.75—0, 85 
0.86—0.95 
0.96-—1.25 


I. Electro-furnace metal 


1.72—1.96 
2.00—2 06 
2.40—2.60 


0.905 
0.007 
0. 006 


0.015 
0.015 
0.018 


14800 | 4.25 | 9.022] 0.08 
14500 | 4.22 | 0.022} 0.12 
14700 | 4.20 | 0.018) 0.09 


II. Martens metal 


1.80—2.00 
2.10—2.15 
2.20—2.20 


0.015 
0.020 
0.018 


0.022 
0.620 
0.018 


0,014 
0,016 
0.018 


14700 
14709 
14700 


4.25 
4.18 
4,20 


No. of 
samples 
tested 


Specific losses v/kg 


Pi 0/50 


Contents % 


Magnetic 
induction 


P 15/50 


Bas gauss Al Ti 


Ni 


0.75—0.85 
0.86—0.95 
0.96—1 .25 


I. Electro-furnace metal 


1.72—1.96 
2.00—2.06 
2,40—-2,60 


Il. Martens metal 


1 .80—2,00 
2.10—2.15 
2,20—2.30 


0.008! 0. 
0.010! 0. 
0,010! 0. 


0.010 
0.012 
0. 050 


14800 
14500 
14700 


0.010 
0.012 
0.012 


14700 
14700 
14700 


inclusions of the first and second types predomin- 
ate, however. The number of non-metallic inclus- 
ions in samples of steel with medium and bad speci- 
fic losses is practically the same, in steel with bad 
specific losses inclusions of the fourth type predo- 
minate. The relationship of the number of non- 
metallic inclusions with different dimensions is 
almost the same in all the strips tested. The major- 
ity of the inclusions are those with dimensions up 
to 1.5 microns and then up to 2.5 microns. 
Dimension of the grains and their boundaries. The 
samples were etched in a 4 per cent solution of 
nitric acid in alcohol to show the grains. The dim- 
ensions of the grains were determined at a magni- 
fication of 100 by the calculation method, the criter- 
ion being the average number of grains to 1 mm? of 
the samples of sheet calculated for 60 grain regions. 
Data about the number of grains to 1 mm? of the 
samples tested is shown in Table 3. 


From these figures, it is seen that specific los- 
ses and grain dimensions have a fairly close con- 
nexion. As the specific losses increase the dim- 
ensions of the grains decrease. 

Grain boundaries in steel with specific losses of 
0.75 v/Kg are sharply outlined and have a straight 
line form. (Fig. 1). 

Isolated grains with curvilinear boundaries (Fig. 
2, lower photograph) are already observed in steel 
with specific losses P,,,,, 0.83 v/Kg along with 
a considerable number of grains with straight line 
boundaries (Fig. 2). As the specific losses increa- 
se so the curvilinear grain boundaries increase. In 
Fig. 3 grain of steel are shown with specific losses 
Pio/s0 = 0.95 (a) and 1.26 v/Kg (6). 

Structural components. The basic structural 
component in all the strips examined under the 
microscope at magnification 600 was ferrite. 

In samples with the best specific losses graphite 
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TABLE 2. Chemical composition of steel samples, submitted to metallographic testing, % 


Contents % 


No. of 
samples 


tested Mn 


Al 


Ti | Ng 


Al,O; 


2 
3* 


09 
0& 
13 
08 
U6 
13 
9 
7 
2 
3 
6 
3 
4 


0, 
0. 
0. 
0, 
0. 
0 

0. 


0 
0 
| 
0 


0 
0 
0. 
0 
0 


LO 


1 
1 
l 
10 
07 


0 
0 
0 
0 


o 


0.016 
0.009 
0,018 
0.016 
G.014 
0.021 
0.014 
0.909 
G.U17 
0.015 
0.017 
0.020 
0.014 
0.012 
0,013 
0,012 
0,013 


0.009 
0.011 
0.011 
0.015 
0).008 
0.010 
0.008 
0.018 
0.011 
0.013 
0.035 
0. 020 
Not 
0.037 

0.060) » 
0.048} 0.17 
0.048} 0.18 


0.007} 0.004 
0.009} 0.002 
0,010) 6.004 
0,010} 0.006 
0,008} 0.005 
0.012} 0.004 


0,010} 0.003 


0,U10} 0.0085! 


0.006 
0.006 


0,008 
0,010 
0,012} 0.010 
0.010) 0.006 
0.008} 0.004 
0.0U8} 0,008 
0.G11} 0.010 
0.008} 0.005 
0.010} 0.006 


QO 014 
Q 009 
0.011 
0.021 
0.(21 
0.013 
0.032 
0.017 
0.011 
0.015 
0.030 
0.012 
0.03! 
0.032 
0.084 
0.U28 
0.028 


* Metal vacuumized in the ladle before pouring; 


** Metal melted in Martens furnaces. 


dispersions are observed here and there in the mass 
of the grains, the grain boundaries being clear-cut 
as arule. 

In samples of steel with bad specific losses dis- 
persions of structurally free cementite can usually 
be seen on the grain boundaries of the ferrite. 


B. ELECTRON-MICROSCOPE TESTING 

In addition to metallographic testing, three 
samples of steel having good (No. 1), medium (No. 
10) and bad (No. 16) specific losses were submit- 
ted to electron microscope testing *. 

After the samples had been polished, their sur- 
face was etched with a 4 per cent nitric acid solu- 
tion in alcohol for 30 seconds, then silica replicas 
were prepared by depositing quartz in a vacuum. 
The replicas were separated by means of gelatine. 
The replicas were examined in the electron micro- 
scope EM-3 at a magnification of 20,000. 

Characteristic electron microphotographs are 
shown in Figs. 4a-b. In the steel sample with good 
specific losses (P,),.9 0.75 v/Kg) the grain bound- 
aries in the majority of cases are shown as narrow 
lines only, now and then they are met by inclusions 
of the second phase of comparatively small dimens- 
ions. (Fig. 4a). 


* Chemical and metallographic data of these samples 
are given in Tables 1 and 2. 


For steel samples with medium specific losses 
the characteristic sign is the considerable number 
of dispersions of the second phase on the grain 
boundaries, albeit these dispersions are more 
coarse. (Fig. 4b). 

In steel with bad specific losses the greatest 
number of dispersions is observed on the grain 
boundaries and are of still coarser size compared 
with the steel with medium specific losses. 


D. DISCUSSION OF RESULTS 


The following have been defined as the most char- 
acteristic structural signs of transformer steel hav- 
ing optimum specific losses; fairly coarser ferrite 
grains, on average 6-10 grains per mm? of sheet; 
the grain boundaries are straight-lined and to the 
least extent adulterated by masses of dispersions 
of the second phase; one would suppose that form- 
ation of this structure is promoted in steel with 
optimum specific losses by comparatively small 
amounts of impurities which act as barriers, imped- 
ing the normal growth of ferrite grains during an- 
nealing, and particularly the various compounds of 
aluminium, amongst them nitrides, sulphur, carbon 
as structurally free cementite and others. 

_ We should pay attention to the fact that Martens 
transformer steel (sample No. 5) with sulphur cont- 
ent 0.012 per cent has fairly low specific losses, 
Pio/s0 = 0.81 v/Kg. Evidently in this case the 
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TABLE 3. Metallographic data of transformer steel samples with different specific losses 


No. of non-metallic inclusions 
per mm? of strip 


Form of the 


Dimensions of the nonemetallic inclusions, mic. 


pains 


dispersed 


v/kg 


2.4 


1,6— |2.5— |4.3— 1.5 


carbon 


Basic type of 
inclusion 

No. of 

per 


5.4 


Mean value. 


Mean value. 
14 


15 
16 


— 
SESE 


17 


_ 


Mean value . 


Graphite 
Graphite 
None 
None 
Graphite 
None 
None 
Graphite 
None 


Graphite 
Graphite 
Graphite 
Coarse 
Cementite 
Graphite 


ONO? 


_ 


Cementite 
Cementite 
Cementite 


Graphite 


Cementite 
Graphite 


FIG. 1. Grain boundaries of the ferrite in transformer 
steel with specific losses 


unfavourable effect of the sulphur is compensated 
by the fairly small number of non-metallic inclus- 
ions, — in all only 30 inclusions, with an average 
content for a group of samples with optimum speci- 
fic losses of 64 inclusions. 

CONCLUSIONS 


Hot-rolled transformer steel with specific losses 


FIG. 2. Grain boundaries of the ferrite in transformer 
steel with specific losses 
Pi0/s0 = 0.83 v/kg. x 66. 


P0750 = 0-75-0.85 v/kg compared with steel 
having higher losses is characterized by the fol- 
lowing:- 

1. Coarse grains of ferrite (6-10 grains per mm ) 
based on straight-lines boundaries; 


2. Grain boundaries, in the majority of cases, do 
not have dispersions of the second phase. 
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Hot-rolled transformer steel 


FIG. 3. Grain boundaries of the ferrite (x 66) in transformer steel with specific losses 
Pi0/s0 =a, 0.95 v/kg: — 1.26 v/kg. 


FIG. 4. Grain boundaries by electron microscope research 
P10/s0 = % 0.75 v/kg: 6b — 0.96 v/kg. 


3. A small number of non-metallic inclusions. and the chemical impurities, sulphur nitrogen, alum- 
4. Basically low content of inclusions of Al,O,; inium. Translated by W.J. King 
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ANALYSIS OF THE KINETICS OF TWO-PHASE PRECIPITATION OF Cu-Be 
ALLOY BY AN ELECTRICAL RESISTANCE METHOD * 
A.S. KAGAN and Ya.S. UMANSKII 
(Received 14 March 1959) 


By X-ray diffraction patterns it has been shown that there is a two-phase precipitation in Cu-Be 
Alloy with 1.9 % Be at temperatures up to 400°. A method of analysing the kinetics of the two-phased 
precipitation by using electrical resistance is suggested. The heat of activation of the precipitation 


is calculated. 


The precipitation of the super-saturated solution 
of beryllium in copper with 1.9% Be at temperatures 
up to 400° bears a two-phase character. The posi- 
tion and intensity of the lines on the diffraction 
patterns show that on ageing, particles with a Be 
content of about 0.4% appear along with particles of 
solid solution containing 1.9% Be; hence the longer 
the time of holding at the stated temperature the 
less the amount of unprecipitated solid solution and 
the greater the amount of the precipitated (solid 
solution). By holding for a further period the pattern 
of the lattice of the impoverished solid solution is 
slowly enlarged, indicating that there is further pre- 
cipitation due to breakdown of the colloidal equilibr- 
ium. 

If should be noticed that the two-phased precipit- 
ation at 1.9% Be content at temperatures up to 400° 
contradicts the data given in work [1], where it is 
shown that the maximum temperature at which two- 
phase precipitation can still be observed is 350° 
for a Be content of 1.6%, and it is lower for higher 
Be contents. It can be suggested that this lack of 
agreement is due to varying amounts of other im- 
purities in the alloys examined, and especially Ni, 
of which our alloy contained approximately 0.1%, 


and in alloys used in the work [1] nickel was absent. 


The rule about the two-phased precipitation in the 
alloy which we tested is borne out by the fact that 
the rates of precipitation in our case are appreci- 
ably lower in the solid solution precipitated after 
10 min at 350° than in the 1.8% Be alloy used in 
work [1] — 40% under the same conditions. Hence 
it can be concluded that the two-phased ageing 
occurs in those circumstances where precipitation 
of the solid solution is difficult (either low temper- 


* Fiz. metal. metalloved., 8, No. 5, 758-760, 1959. 


ature ageing, or, as in our case, the presence of 
Ni which delays ageing of beryllium bronze). 

The kinetics of the two-phase precipitation were 
investigated by X-ray diffraction patterns when the 
martensite had been released, and investigated by 
Kurdyumov and Lycak [2] who showed that the quan- 
tity of solid solutions precipitated depends on the 
time according to the equation:- 


V=V,(1 —e~*), (1) 


We undertook an attempt at analysing the kinetics 
of the two-phased precipitation of the super saturat- 
ed solid solution of Be in Cu by an electrical re- 
sistance method. 

If we accept the rule of precipitation according 
to Kurdyumov, then with certain stipulation it is 
easy to show that 


x= Ac™ B, (2) 


Where X is the electrical resistance of the aged 
sample. 

The stipulations which have to be fairly exactly 
fulfilled are the following: 

(1) The electrical resistance is subject to the law 
of discharge, i.e. 


where 


2 x 
and 


Vi; V2; V3 


are the electrical resistances of unit volume and 
volumes of unimpoverished solid solution, im- 


poverished solid solution and the second phase; 
(2) The overall volume of the sample is unchanged, 


Two-phase precipitation 


o-Experimental points 


@- Points calculated’ 
from the formula 


FIG. 1. Relationship of electrical resistance to 
ageing time. 


Vo= V,t+V, + V3; 


(3) Volumes of impoverished solid solutions and 
the second phase are in definite relationship to one 
another, i.e. 


= 


The truth of equation (2) was verified with Cu-Be 
alloy samples as wire of diameter 0.75 mm and 
length 40 mm, heated to 850°, and aged in a salt 
bath at temperatures of 350°, 380° and 400°. The 
temperature was held constant within the limits 
+ 1°, The electrical resistance was measured on a 
double bridge with an accuracy of 0.0002'/Ohm. 

In Fig. 1 the relationship is shown of the electric- 
al resistance of the heated sample to ageing time at 
350 and 400°. The electrical resistance curves up 
to a certain ageing time are well expressed by the 
equation (2), with values of A, B and K — 0.66; 
1.69; 1.09 and — 0.69 ; 1.69 and 2.61 respectively. 
The dotted lines show curves drawn for these values 
of the constants in formula 2. It is seen that after 
definite ageing time these curves begin to deviate 
from the experimental and this may be connected 
with breakdown of the colloidal equilibrium. It is 
necessary to note that the time of break down of 
colloidal equilibrium, as revealed by electrical 
resistance (2.5 hr at 350°) is less than the time for 
maintaining equilibrium estimated by X-ray defract- 
ion method (3.5 hr under the same conditions), which 
leads us to add that the resistance method is very 
sensitive in connexion with the considerable 
changes of resistance on ageing Cu-Be alloys. From 
Fig. 1 it is seen that as the temperature is increas- 
ed so the period of colloidal equilibrium is de- 
creased. 

From equation (1) it follows that the constant K 
is the rate of precipitation 


L L 


148 150 152 154 156 158 1/60 FO 


FIG. 2. Relationship of the logarithm of the precipitation 
rate to reciprocal of temperature. 


ay 
K=~-——. 
dx V 


Assuming that on recrystallization in the solid 
state, 


Q 


the heat of the activation process, Q can be cal- 
culated from the relationship of precipitation rate 

to ageing temperature. From Fig. 2 it is seen that 
the value of log K is directly related to the inverse 
value of the absolute temperature. From the straight 
line rule the energy of activation can be calculated 
and appears to be in the region of 15,300 + 600 
cal/mol. This same factor determined by the intern- 
al friction method by Postinkov [3] was found to be 
16000 cal/mol. Up till now the heat of activation 

of the precipitation of beryllium bronze with 1.9% Be 
(Ni absent) at temperatures from 200 to 500°, was 
determined in the work [4] by change in the electric- 
al resistance (with different methods of calculation 
from the present work), of hardness and of area of 
precipitated grains. Values obtained were from 
21,000 to 29,000 cal/mol. However, in the same 
authors’ opinion, in view of the complexity of their 
precipitation curves, the values obtained corres- 
pond with the energy of activation not of a single 
process but of several super-imposed one on 
another. 


Translated by W.J. King 
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STUDY OF THE PATTERNS OF DEFORMATION AND RECRYSTALLIZATION OF IRON-NICKEL 
ALLOY (48%Ni) IN RELATION TO THE DEGREE OF DEFORMATION ON COLD ROLLING* 
M.M. BORODKINA and N.P. GROMOV 
Central Scientific Research Institute of Ferrous Metallurgy 
(Received 10 January 1959) 


The pattern of deformation and recrystallization of thin ribbons (50 and 5 microns) of iron-nickel 
alloy (48% Ni) in relation to the degree of deformation on cold rolling were studied by an X-ray method 


by constructing quantitative polar fi 


es. It is shown that only with definite deformations (~ 99%) 


the orientations (110) [1T2] + (110) [335] have maximum intensity. In this case, after tempering, a 
clearer cubic pattern of recrystallization is recorded (100) [001]. Increasing the deformation leads to 
transformation of orientations (110) [112] + (110) [335] into [112] [111] and to weakening of the cubic 


recrystallization pattern to its complete destruction. 


It is known that by patterning, the magnetic pro- 
perties (right-angled hysteresis loops and magnetic 
permeability) of ribbons of the alloy 50 NP (50% Ni) 
can be increased. But for ribbon thicknesses of less 
than 50 microns these characteristics deteriorate. 

It has been shown that as ribbon thickness is de- 
creased from 100 to 5 microns, a change occurs in 
the relationship of the deformation orientations, 
and the cubic recrystallization pattern gradually 
disappears. It is suggested that weakening of the 
cubic pattern as the ribbon thickness decreases can 
be explained by the greater part played by the sur- 
face layers which have a different deformation pat- 
tern and weakened cubic recrystallization pattern. 
As the deformation is increased from 96.8 to 99.8% 
while the ribbon thickness is reduced from 100 to 
5 microns, it is still not clear what role the factor 
of increasing the deformation plays. The effect of 
the two factors — ribbon thickness and deformation 
must be studied in detail. 

The present work is devoted to the study of the 
deformation and recrystallization patterns of ribbons 
of Fe-Ni alloy (48% Ni) of thickness 50 and 5 mi- 
crons in relation to deformation on cold rolling. 


SAMPLES AND INVESTIGATION METHOD 


The alloy was melted in an induction furnace ac- 
cording to the usual technology and had the follow- 
ing composition, (wt.%): 47.75 Ni; 0.03 C; 0.55 Mn; 
0.22 Si; 0.007 S, balance Fe. 


* Fiz. metal. metalloved., 8, No. 5, 761-769, 1959. 


A bar 6 mm thick was obtained by forging and hot 
rolling. By cold rolling the tempered isotropic under- 
roll ribbons of the alloy of thickness ~ 50 microns 
were obtained with a reduction from 11 to 99.4% (the 
thickness of the under-roll varied from 54 microns 
to 6 mm) and a thickness of 5 microns with a re- 
duction from 73.7 to 99.92% (the thickness of the 
under-roll from 19 microns to 6 mm), Table 1). The 
under-roll of a different thickness having no predom- 
inant orientations was obtained by cold rolling with 
a reduction of not more than 60%, followed by an- 
nealing at 950°. The hot-rolled annealed bar 6 mm 
thick was also homogenized. The homogeneity of 
the under-roll was confirmed by X-ray, photographic 
and ionization methods. The samples were anneal- 
ed in a vacuum container (10 mm Hg) and held for 
1 hr at a temperature of 1100°; cooling took place 
at the rate of 100°/hr down to 600°; then the con- 
tainer was cooled in the air. The magnetic proper- 
ties were measured by the ballistic method. 

The patterns were studied not only by X-ray pho- 
tography, but the X-ray ionization method was also 
used to build up the quantitative polar figures. The 
intensity was registered by photographing the reflect- 
ed beam through the slit and the complete polar 
figure was built up by means of a pattern attach- 
ment to the standard URS-50I equipment [2]. The 
intensity of a standard patternless sample, prepared 
by powder metallurgy was taken as unity; this also 
had an absorption factor pt (u = coefficient of linear 
absorption; ¢ = thickness of the sample). Standard 
samples were also used for calculating the correct- 
ions connected with the fall of intensity, when the 
sample was turned through a greater angle. 
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TABLE 1. 


Initial Final True 
thickness thickness 


In do/dy 


deformation 4 


Final True 
thickness deformation, 


In do/dy 


Initial 
thickness 


54 


28 
49 
125 
200 
300 
500 
600 
1 

2 

3 

5 

6 


RESULTS OF THE EXPERIMENTS 


The most characteristic X-ray diffraction patterns 
of the deformed, and tempered, samples of thickness 
50 microns are shown in Fig. 1. As the deformation 
increases, so the deformation pattern becomes more 


clearly defined. A clearly defined cubic recrystalliz- 
ation pattern is observed in samples which have been 


deformed with a reduction of 98% and over. For rib- 
bons of 5 microns thickness (Fig. 2) with a deform- 
ation of more than 99%, a split (bifurcation) is seen 
in the maximum ring {111}, perpendicular to the roll 
direction (azimuthal angle 8 = 90°). After tempering 
the cubic recrystallization pattern is only found in 
samples deformed with a reduction of 99.0 and 
99.2%, that is, with those deformations where the 
pattern of deformation is clearly defined and yet not 
a significant split of the maximum. 

The predominant orientations were studied by 
means of polar figures. In Fig. 3 the polar figures of 
some of the deformed, tempered samples are shown, 
which were obtained by the X-ray ionization method. 
Orientations observed for deformed samples corres- 
pond with ideal orientations set up in certain cold 
rolled cubic grain-centred metals and alloys. Be- 
sides the orientations (110) [112] and (112) [111], 
[3-8], known as fundamentals, there should be 
noted the orientations (123) [312], [see 9], (236) 
[533], [see 10], (123) [121], [see 11], (479) [947], 
[see 12], (135) [533], [see 5] (Fig. 4a). However, 
the orientation (110) [335], which, apparently, is 
also fundamental in the present instance, coincides 
most exactly with the intensity maximum, which is 
situated on the external ring of the polar figure of 
cold-rolled ribbons with deformation 84-99.4% 


(Fig. 3). 

On deforming with reduction from 11 to 75%, the 
most intense orientation is (112) [111]. A recrystal- 
lization pattern is present in these samples after 
tempering at 1100°. Increasing the deformation to 
99.0% leads to reinforcement of the orientations 
(110) [112] and (110) [335]. At the same time, the 
cubic pattern is reinforced in the tempered samples. 
Besides the cubic orientation (100) [001], after 
tempering as a rule, weak orientations (123) (312); 
(123) [121] and (479) [947] (Fig. 4b) are present 
which are characteristic of the deformed condition. 
We did not discover orientations of the spinel type 
(122) [212], usually observed in the 30% Ni/Fe 
alloy tempered at 900° in ribbons of the 48% Ni 
alloy. Further increase of the deformation to 
99.4% leads to weakening of the deformation pat- 
tern. After tempering, this sample, a weaker cubic 
recrystallization pattern is observed which accom- 
panies orientations characteristic of deformation. 

Results of measuring the magnetic properties of 
the tempered samples of 50 microns thickness cor- 
respond well with the pattern differences described 
above (Table 2). The maximum magnetic permeabi- 
lity Umax and the rectangle of the hysteresis loop 
B,/B, are considerably increased with deformation 
greater than 95%. Maxima of the properties occur 
with a reduction of 99.0%, when the orientation of 
the cube is developed most strongly; further in- 
crease of deformation leads to a fall in the proper- 
ties *. 


* The general low level of the properties is explained 
the poor quality of the insulation of the ribbons 
(continued on the next page) 
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FIG. 1. X-ray diffraction patterns of samples 50 microns thick for various reductions, 
and the same samples after tempering at 1100 for 1 hr (the true deformation 
In do/d, where dy and d, are the initial and final thickness, is indicated 
in the brackets). 


7—11.0% (0.12); 2—41.5% (0.53); 3—84.0% (1.84): 4~—90,3% (2.32); 5—-95.1 
(3.00); 6 — 98.4% (4.15): 7—99.0% (4.63) (4-82). 


FIG. 2. The same as Fig. 1 for samples 5 microns thick, and for reductions. 


1—73.7% (1.33); 2—97.4% (3.69); 3—99.0% (4.60); 4—99.2% (4.80); 5—99.7% 
(6.00)r6 8% (6. 99.9% (6.90). 


Polar figures of samples 5 microns thick are shown 
in Fig. 5. Increasing the deformation up to 99.0% 
causes the deformation pattern and the cubic recrys- 
tallization pattern to be reinforced. Further increas- 
ing the deformation produces a gradual transforma- 
tion of the orientations (110) [112] + (110) [335] into 
the orientation (112) [111], which is strongly rein- 


(continued from previous page ) 
(insulated by talc). When they are insulated by catapho- 


resis (deposition of magnesium oxide filma by electroly- 
sis) there is a considerable increase in the properties. 


forced, and leads to weakening of the recrystalliz- 
ation pattern and finally to its complete destruct- 


DISCUSSION OF RESULTS 


The results obtained give evidence of the fact 
that an orientation relationship exists between the 
cubic recrystallization pattern and the pattern from 
specific orientations. Only in the case of the strong- 


ly developed deformation orientations (110) [112] 
and (110) [335] is the cubic recrystallization pattern 
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TABLE 2. 


Reduction, % Umax gs/e 


Hy, 


22900 
25900 
23300 
26800 
25400 
26500 
27200 
29900 
31400 
32200 
41000 
41800 
44500 
35300 


Ohh — 


~' 


ROP 


37500 
60000 


Insulated with talc 


Insulated by cataphoresis 


0.20 13500 
0.20 14100 


x (0) [/72] 
© 
(23121) 
4 /23)(7/2 
> (39) 533 
(236)[533) 


(100) (004 
4 (123) 
(179)|947| 


FIG. 4. Orientation pattern of Fe-Ni alloy (48% Ni) of the pole {111}: 
a — deformation pattern; 
b — recrystallization pattern. 


formed. 

With regard to the mechanism of the formation of 
the recrystallization pattern, several theories exist 
which can be brought together into two opposite 
points of view: 1) the hypothesis of Burgers [13] — 
Dunn [14], according to which an oriented formation 
of recrystallization nuclei occurs already in the 
deformed metal, thereupon the number of the nuclei 
should not exceed 5% of the sum of all the orient- 
ations; 2) the hypothesis put forward by Beck [15], 
who suggests that the recrystallization nuclei form- 


ed in the tempering process have a disordered orient- 


ation, but are distinguished by an orientation rela 


tionship of the rate of growth, that is, there is a 
predominant growth of nuclei with a favourable 
orientation. 

In our investigation we did not discover any maxi- 
ma corresponding to cubic orientation in the polar 
figures {111} and { 200} of the deformed samples. 
Maybe the method is not sufficiently sensitive to be 
able to record the component of the pattern which 
makes up the whole 5%. The disappearance of the 
cubic recrystallization pattern when the deformation 
is appreciably increased, from the point of view of 
Dunn’s theory, could be explained by the higher 
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content (more than 5%) of the’ cubic orientation com- 
ponent. Yet, in the case where the same high de- 
formation has been imposed (rolling from 6 mm to 

5 microns without intermediate temper) the compon- 
ent (100) [001] is not observed in the déformation 
pattern. The view that the nuclei witk cubic orient- 
ation appear at definite degrees of deformation and 
then disappear again is rather improbable. 

Apparently, nuclei of cubic orientation are formed 
on tempering only in crystals having the orientations 
(110) [112] and (110) [335] which are adjacent to one 
another. It is possible also that nuclei of cubic 
orientation have the greatest rate of growth, so that 
in the case of the strongly developed deformation 
orientations (110) (112] and (110) [335] preferential 
growth of nuclei having cubic orientation occurs, 
which suppresses the development of almost all the 
remaining orientations. 

As far as the patterns of ribbons 5 microns thick 
are concerned, from the results obtained, a deform- 
ation of 99.0% is recommended as the best for pro- 
ducing the most intense recrystallization pattern 
(100) [001]. However, in ribbons 5 microns thick it 
seems practically impossible to obtain such a clear- 
cut recrystallization pattern as in thicker ribbons. 
The bifurcation of the ring maximum {111} observe- 
able in X-ray diffraction patterns of deformed rib- 
bons of 5 microns thickness is connected with the 
transformation of the orientations (110) [112] + (110) 
[335] into (112) [111]. From this it is evident that 
as the intense maximum of the onter ring of the polar 
figure approaches the direction of the roll, so there 
is a fall in the intensity in the direction transverse 
to the roll. As has been indicated earlier [1], this 
bifurcation of the maximum can be observed when 
passing from the centre of the surface of ribbons 
50 microns thick. It seems that differing the deform- 
ation conditions of the outer and inner strata of the 
ribbon conditions (vb.) the variation in its pettern; 


as the total deformation increases so the depth of 
superficial layers increases. When the ribbon thick- 
ness is reduced, the deformation being unchanged, 
and conversely, when the deformation is increased, 
the thickness remaining unchanged, the superficial 
layers take a larger share, relative to the ribbon 
cross-section, in the effect on the pattern. 


CONCLUSIONS 


1). As the deformation increases, a change in the 
relative intensity of the orientations takes place. 

2). After tempering the cubic recrystallization 
pattern is only observed in the case where the pat- 
tern with the intense components (110) [112] and 
(110) [335] is produced, which corresponds to a de- 
formation of 99.0%. Further increasing the deforma- 
tion leads to weakening of the orientations (110) 
[119] and (110) [335] and after tempering, to weak- 
ening of the cubic recrystallization pattern (100) 
[001] and to lowering of the magnetic properties. 

3). Not only does the pattern of the superficial 
layers affect the cubic pattern of ribbons 5 microns 
thick, but also an excessively high deformation 
has a marked influence. 

4). The nature of the variation of pattern of rib- 
bons of Fe-Ni alloy (48% Ni) with increasing de- 
formation confirms the fact that in the tempering 
process the formation and growth of recrystalliza- 
tion nuclei proceed in an oriented manner. 


Translated by W.J. King 
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THE INFLUENCE OF PHOSPHORUS ON STRUCTURAL TRANSFORMATIONS AND 
PROPERTIES OF LOW-ALLOY ELECTRO-TECHNICAL STEEL * 
S.I. DOROSHEK 
Urals Scientific Research Institute of the Heavy Metals 
(Received 2] April 1959) 


Some of the results of the general research on the effect of phosphorus on the structure and proper- 


ties of low-alloy silicon steel is presented. 


Various questions are examined — recrystallization, critical grain growth, phase transformations 
and change of fundamental magnetic characteristics, as well as plasticity of the steel under the action 


of small additions of phosphorus. 


It is shown that under certain conditions, magnetic properties can be obtained in low-alloy silicon 
steel, which correspond to a higher grade of high-alloy hot-rolled electro-technical steel. 


The deciding factors in securing the highest mag- 
netic properties in electro-technical steel are pos- 
sibly coarser grain, the absence of phase recrystal- 
lization and high specific resistance. In connexion 
with these, the production of all grades of steel used 
in the electro-technical. Industry is based on alloy- 
ing iron with silicon. It is an accepted fact that all 
other additions, with the exception of aluminium in 
some cases [1,2] are undesirable. 

Meanwhile it is known that phosphorus sharply 
narrows the y-region [3] in carbon steels and pro- 
motes considerable grain growth in pure iron [4]. The 
favourable action of the phosphorus should pro- 
mote better magnetic characteristics. But informa- 
tion in the literature on this subject is very contra- 
dictory [5, 6]. 

The aim of this work is to determine the influ- 
ence of phosphorus on the structure and properties 
of electro-technical steel. 

The low alloy silicon steel (1.8% Si) chosen for 
the examination was melted in a 300-Kg induction 
furnace. All ingots of the steel under test had much 
the same composition, the other elements present 
(excluding phosphorus) being 0.24- 0.30 % Mn; 0.21- 
0.30% Cr; 0.08 % Ni; 0.04% S; 0.15% Cu; Al trace. 

The phosphorus content of the ingots was 0.03; 
0.06; 0.12; 0.21; 0.36; 0.56; 0.70 %. The ingots, 
rolled into sheets 0.50 mm thick in the Verkh- 
Isetsk metallurgical works in conditions favourable 
to this technology, were divided into two parts, one 
destined for laboratory reserach and the other for 
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industrial experiments. 

The carbon content after tempering is usually 
between 0.008 and 0.018 %, for the investigation of 
structural transformations, decarburized sheets 
containing 0.008 % C and raw sheets containing 
0.03% C were used. 

The magnetic tests were made on individual bars 
in the same way as with one-kilogram Epstein 
trials. The specific resistance for each point was 
taken as the mean result of the tests on 10-15 bars. 
The plasticity was estimated in compliance with 
the requirements of GOST 802-58, from the least 
number of flexions at a temperature of 15-20°. 


STRUCTURAL TRANSFORMATIONS IN SILICON 
FERRITE ALLOYED WITH PHOSPHORUS 


At room temperature phosphorus is soluble in 
iron up to 1.2%, forming a substitution of solid 
solution without any precipitation. Moreover it 
changes the inter-atomic cohesion forces and the 
activation energy of the system, and consequently, 
it must have a noticeable effect on the recrystalliz- 
ation process and grain growth. 

With a carbon content of 0.008 % in the steel, no 
transformations connected with phase recrystalliz- 
ation are observed. Hence only recrystallization 
processes and grain growth have been studied. 

After annealing at 950° for two hr, the samples 
with various phosphorus contents had differing types 
of grain. At the same time, increasing the phosphor- 
us content from 0.03 to 0.70% decreases the number 
of grains per square mm (x 100) by ten times (Fig. 

1 curve V), which is about 4 or 5 times more than 
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FIG. 1. The effect of phosphorus on the temperature in- 
terval of recrystallization and grain size of silicon fer- 
rite (7, ,= temp. at commencement of recrystallization; 
treatment; 7, , = temp. at the end of recrystallization ; 
N=no. of gabe per mm? on annealing at 950° for 2 hr). 


the analogous effect with the same amounts of sili- 
con. 

Thus phosphorus in silicon ferrite affects the 
tendency to grain growth very much more intensely 
than silicon. 

In order to clear up this question of the influence 
of phosphorus on recrystallization processes of 
silicon ferrite, the samples, given a preliminary 
cold reduction of 50 per cent, were heated in a lead 
bath at temperatures 620-840° (every 20° interval) 
and held for 1 min. 

Analysis of the microstructure of samples treated 
in this way showed that true recrystallization in 
samples with high phosphorus content takes place 
at higher temperatures than in samples containing 
small quantities of phosphorus. 

The change of temperature of the beginning and 
end of the recrystallization treatment under the 
action of phosphorus is shown in Fig. 1 from which 
it is seen that increasing the phosphorus in the 
steel from 0.03 to 0.70% raises the recrystalliza- 
tion temperature by 100-120°. This is equivalent to 
the action of 3.5-4.5 % Si. 

Thus, in regard to the effect on the temperature of 
recrystallization, phosphorus shows a more energe- 
tic action than silicon. 

When hot-rolled electro-technical steel is pro- 
duced by foreign works a critical cold working naklep 
is often used before the final annealing to improve 
the magnetic properties [7]. It seemed a useful ex- 
ercise in the present work to study the effect of 
phosphorus on the change of critical cold working 
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FIG. 2. The effect of phosphorus on the degree of critic- 
al cold work and grain size for critical growth: 
1 — change of the critical degree of deformation; 
2 — change of grain size resulting from critical growth 
the sample being held at 950 for 2 hr. 


and the grain size of low-alloy silicon steel. For 
this’ bars of the steel with varying phosphorus con- 
tents were given a reduction in the cold condition 
from 2ce to 18 % (by 1.0-1.5% at each stage) and 
annealed in a laboratory furnace at 950° for 2 hr. 

Analysis of the microstructure of samples so 
treated showed very fully the decided effect of 
phosphorus on the critical grain growth and the de- 
gree of cold working of dynamo steel. It indicates 
that increasing the phosphorus content from 0.03 
to 0.7 % tends to lower the critical cold working by 
8 % (Fig. 2, curve ]). The relatively large grain size 
after annealing increases by more than 2.5 times 
compared with the effect of critical cold working in 
steel with a normal phosphorus content of 0.43% 
(Fig. 2, curve 2). 

Thus, hindering recrystallization under heavy 
reduction, phosphorus promotes critical grain 
growth. 

If we examine the secondary recrystallization 
which is connected with pattern formation as the 
particular case or the uniformity of grain growth then 
the phenomenon referred to has the greatest signi- 
ficance in the production and treatment of low-alloy 
cold-rolled patterned electro-technical steel. 


PHASE TRANSFORMATIONS IN LOW-ALLOY 
SILICON STEEL WITH PHOSPHORUS 


Increasing the carbon content in low-alloy silicon 
steel to values corresponding to the normal origin- 
al carbon content in the sheets before the final 
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FIG. 3. The microstructure of samples with various phosphorus contents after 
holding at 1150° for 1 min. 


tempering (0.03-0.05 %) leads to phase transforma- 
tion coupled with formation decomposition of aus- 
tenite (5, 8]. 

Since phase recrystallization refines the grain, 
it is undesirable for obtaining high magnetic proper- 
ties. Phase transformations in dynamo steel contain- 
ing up to 2.5% Si, are the main obstacle when high 
temperature tempering is applied [9]. 

When samples containing 0.03 %C and varying 
percentages of P were tested it was established 
that pearlite particles in the steel sharply lowered 
the favourable effect of phosphorus on the grain 
size even when critically tempered. Hence it seems 
a useful excercise to determine the effect of phos- 
phorus on the amount of austenite to be decomposed 
on cooling. 

The quantity of precipitated austenite was deter- 
mined by heating previously copperised samples to 
the following temperatures 850; 950; 1050; 1100; 
1150; 1200; 1300°. 

To decrease the possibility of decarburizing 
samples by heating to high temperatures, they were 
held for not longer than 1 min in all cases*. 


On soaking the samples containing 0.03 %P at 
various temperatures a gradual increase in the quan- 
tity of transformed austenite was observed with in- 
crease of temperature up to 1150°; further increase 
of temperature led to a smaller amount of martensite. 

It is interesting to note that even by quenching 
from 1150° the whole volume is not transformed. !+ 
seems that even 0.03 % C with 1.8 % Si is not sufii- 
cient to give an homogeneous y-region. 

Fig. 3 a-e shows the effect of phosphorus on the 
amount of transformed austenite on quenching from 
1150°. From the figure it is seen that even with an 
insignificant increase of the phosphorus content 
(from 0.03 to 0.06 %) the amount of transformed aus- 
tenite diminishes sharply and with P content of 
0.21 % phase recrystallization can only be stated to 
be present because of the fine grain,since the par- 
ticles known as martensite do not exceed 3-5 %. 

The presence of 0.36 % phosphorus in steel elimin- 
ates the region y + a completely; the very much 


* Special experiments were carried out which established 
this time to be sufficient for the samples to attain the 
required temperature. 
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TABLE 1. The relation of the amount of converted austenite for different soak ing 
temperatures to the phosphorus content in steel 


Temperature of heating, °C 


content, % 


1050 


1100 1150 1360 


Ammount of converted austenite % 


Phosphorus | 950 | 


50 
40 
30 
25 

5 


80 
50 
25 
20 

0 


TABLE 2. The influence of phosphorus on the properties of low-alloy silicon steel 


Annealed in lab vacuum furnace 
(850° 4 hr) 


Annealed in industrial 
vacuum furnace 
(1090° 24 hr) 


Annealed in industrial vacuum 
furnace (1090° 24 hr) with 
preliminary critical cold work 


Phosphorus 
content, % 


No. of 


bends 


v/kg 


15000 
1850 
14800 
14050, 
14900 


17550 
1750 
17400 
1730 
172UG 


coarser grains of ferrite gives evidence of this. 
Repeated analysis of the samples after quenching 
show that by heating to 1150° the carbon content 
remain the same (0.028-0.031 %). 

Thus, increasing the content of phosphorus in low 
alloy silicon steel with a carbon content of 0.03 % 
eliminates the y-region promoting grain growth. 

In Table 1 the amount of converted austenite (%) 
in relation to the quenching temperature and the 
phosphorus content is indicated. The results show 
that with increase in phosphorus content not only 
is the overall amount of decomposed austenite less, 
but also maximum decomposition is clearly noted in 
the lower temperature regions. With a phosphorus 
content of 0.36 % it is sufficient to heat to 1050 - 
1100° in order to create normal conditions for in- 
tense growth of ferrite grains. 

The latter must have great practical significance, 
since under industrial conditions where decarburiz- 
ation takes place on annealing the presence of in- 
creasing amounts of phosphorus permits effective 


use of high temperature treatment (annealing) in 
order to obtain maximum coarse grain. In this sense, 
increased phosphorus content in low-alloy silicon 
steel is still more useful for the reason that it pro- 
motes decarburization in a vacuum which acts on 
the tendency of carbon atoms to diffuse (relative to 
the surface of the sheet) similar to silicon [10]. 

Thus, even with a comparatively high carbon con- 
tent (of the order of 0.03 %) phosphorus improves 
the structure making it possible to obtain high mag- 
netic properties. 


THE INFLUENCE OF PHOSPHORUS ON THE 
ELECTROMAGNETIC PROPERTIES AND 
PLASTICITY OF SILICON STEEL 


Heat treatment of sheets with various phosphorus 
contents was carried out both under laboratory con- 
ditions and in the industrial furnaces of the Verkh- 
Isetsk metallurgical works. 

In Table 2 results are shown of electromagnetic 
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experiments and the plasticity of steel with various 
phosphorus contents after low temperature annealing 
under laboratory conditions (850° 4 hr) and high 
temperature industrial annealing (1090° 24 hr). The 
figures obtained show that the magnetic induction 
in weak and medium fields increases with increas- 
ed phosphorus content, and in strong fields it de- 
creases somewhat. (B10). This is in full agreement 
with the effect of phosphorus on the structure which 
was examined earlier. One should only note that 
the observed decrease of Byo9 does not completely 
reflect the true influence of the phosphorus on mag- 
netic induction in strong fields, since with low 
temperature annealing the effect of the phosphorus 
on the change of the grain size of silicon ferrite is 
large (the difference in grain size in the cases of 
0.03 and 0.36 % phosphorus is almost 6 or 7 times 
after annealing). With high temperature annealing 
under laboratory conditions (1150° 4 hr) where there 
was an insignificant difference in the grain size 
the samples with high and low phosphorus content 
(10-20 grains/mm’), the nature of the change of 
Boo Was approximately as follows; 

P contents % 0.06 0.12 0.36 

B yoo gauss 16,450 16,750 17,150 


Thus, it can be stated that magnetic induction in 
general is increased under the effect of phosphorus. 


The same idea is confirmed by the small change of 
B,s after high temperature industrial annealing in a 
vacuum in sheets with varying phosphorus contents. 

The specific resistance of steel with increased 
phosphorus content also increases, which should 
cut the loss in eddy currents and thereby lower the 
coercive force due to the growth of grain size which 
naturally reduces the hysteresis losses. Hence the 
overall specific losses must be reduced and this is 
clearly confirmed by P ,9,,q data after industrial 
annealing in a vacuum. 

It is interesting to note that increasing the phos- 
phorus content up to 0.21 % does not reduce the 
plasticity below the limited value for dynamo steel 
complying with GOST 802-58. At the same time the 
magnitude of the specific losses (P,, ,,,) for the 
given phosphorus content greatly exceeds the limit 
fixed by GOST 802-58 for the best marks of dynamo 
steel. 

Previous cold rolling of sheets of low alloy sili- 
con steel for reductions equal to the critical for 
various phosphorus contents, improves the specific 
losses still more, their values approaching those 
obtained for high alloy transformer steel (E42, 
£43). In addition the plasticity is no worse than in 
high alloy silicon steel. 

In this way increasing the content of phosphorus 
in low alloy silicon steel considerably improves 


its magnetic properties. 
CONCLUSIONS 


1. Increasing the phosphorus content in low alloy 
silicon steel promoted grain growth, raises the 
temperature of recrystallization, reduces the degree 
of critical cold working and relative volume occupied 
by the phase transformations. 

2. The favourable effect of phosphorus on the 
structure promotes considerable improvement in the 
magnetic characteristics of electro-technical 
steel. 

3. The addition of specified amounts of phosphor- 
us to low alloy silicon steel and the use of critical 
cold working before the final anneal makes it poss- 
ible to design new grades of electro-technical 
steel with high magnetic properties. 


Translated by W.J. King 
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THE INFLUENCE OF COLD PLASTIC DEFORMATION ON THE MODULI OF 
ELASTICITY IN CARBON STEELS * 
A.V. GUR’YEV 
Stalingrad Engineering Institute 
(Received 16 December 1958) 


Results are set forth in the article of an investigation into the influence of cold plastic deformation 
on the change in the moduli of normal and tangential elasticity in carbon steels. Firm laws are establish- 
ed of the change in the true values of the moduli after prior plastic deformation. The conclusions are ma- 
de on an accepted assumption that deformations in different microvolumes of the alloy are inhomogeneous, 


both in the plastic and elastic fields. 


It was shown in study [1] that the true value of 
the modulus of normal elasticity determined as a 
derivative E = 50/5e, changes after plastic extens- 
ion of the specimen according to the linear depend- 
ence: 


E2 
E=E,——e. (1) 


2P 


Here E, — the initial value of the modulus of elas- 
ticity (Young’s modulus) which corresponds to zero 
stresses; « — elastic deformation per unit length; 

P — the new constant of the material called the mod- 
ulus of microplasticity [2]. 

It was established [1] that after a small amount of 
plastic extension (immediately after yielding) the 
initial modulus E, undergoes an insignificant de- 
crease in comparison with Young’s modulus deter- 
mined for an undeformed material. The fact that 
Young’s modulus decreases after cold plastic deform- 
ation is known in technical literature. In the major- 
ity of cases Young’s modulus was determined by 
dynamic methods [3, 4] which have definite advant- 


ages over the static method. But the dynamic methods 


do not permit the establishement of a law’for the 
change in the true values of the modulus with in- 
creased stresses, they merely determine a modulus 
more or less near in value to the initial modulus 
E,. The establishment of laws for the change in the 
moduli of normal elasticity E and tangential elasti- 
city G in the course of loading a material is very 
important from the point of view of explaining the 
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influence of stresses on the change in the forces of 
interatomic bonds. We therefore selected the static 
method of determining moduli. 


STUDY OF THE MODULUS OF NORMAL 
ELASTICITY 


Experimental setup . Normal round specimens 
10 mm in diameter were used in the experiments. 
Wherefore, prior to plastic extension by a given 
value, their diameter was taken such that after ex- 
tension it proved to be equal to 10 mm. In those 
cases when, with plastic extension, the deformation 
in different directions of the cross-section went un- 
evenly [5], the diameter was determined as the 
average of several measurements in different cross- 
sections and directions (perpendicular to the axis 
of the specimen). 

The deformations were measured with high ac- 
curacy, using a tensometer of our design [6]. Four 
types of carbon steel were tested: St. 10, St. 15, 

St. 30, and St. 45 in conditions of annealing and 
normalization. The greatest plastic extension was 
limited by the commencement of necking, which 

was established on check specimens. The technique 
on the experiments has been described before in 
[1]. 

1. The region of low stresses. [t can be seen from 
graphs given in Fig. 1 and 2 that in the region of 
very low stresses (region I) the function E = f (e) 
differs substantially from the linear one. Also, the 
intensity of the decrease in EF in this region is 
found to be the more marked, the greater the amount 
of prior plastic extension. This is why in study [1], 
where the minimum plastic deformation taken was 
that corresponding to passing the yield point, this 
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FIG. 1. Change in the true value of the modulus of normal 
elasticity. St. 30: 
1.2%; 2.6 % 
= 6.9% = 10.3 
5-—€)= 0%; 6-—the values of the 
modulus for a plastically undeformed specimen. 


region of the change in E did not appear graphic- 
ally. 

The graphs given, force one to believe that no 
noticeable decrease in the initial value of the mod- 
ulus of normal elasticity E, takes place as a result 
of plastic deformation, as was considered to be the 
case upt to the present, since continuing the curves 
E = f (e) until they intersect with the ordinate axis 
gives, in all cases (and with sufficient accuracy), a 
constant value of E, which corresponds to Young’s 
modulus for an undeformed material. 

Conducting tests with small stresses involves as 
is known very great difficulties, which explains why 
researchers usually omit the initial steps of load- 
ing and do not take them into account. Then in fact, 
omitting the first region of loading, it would have 
been necessary to conclude that the modulus de- 
creased steadily with increasing degree of prior 
plastic extension. On the ordinate axis of Fig. 1 
and 2 these values of modulus £, are set forth, 
obtained by means of extrapolating the linear func- 
tion E = f (e) of the second region up to the values 
«=0. 

2. The region of medium and high stresses. In the 
region of medium and high stresses (region II in 
Figs. 1 and 2) the linear dependence of the change 
in modulus E for all the investigated steels is con- 
firmed after any degree of plastic deformation. With 
increasing the prior plastic deformation, the straight 
lines E = f (€) correctly change their slope, so that 
their angle of slope with the abscissa axes de- 
creases. Therefore the modulus of microplasticity 
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FIG. 2. Change in the true value of the modulus of normal 
elasticity. S. 15: 


5.3% 2 = 10.2 %; 

pl = 17.6 4-6)= 0%; 

5 — the values of the modulus for a plastically 
undeformed specimen. 


increases since [1]: 


E,? 


(2) 


The value of the modulus of microplasticity P 
shows the resistivity of the alloy to the development 
of elastic deformations into microplastic deforma- 
tions along the weakest and most unfavourably 
orientated microvolumes [2]. Therefore the increase 
in the value of modulus P, points to the fact that 
plastic deformation increases the resistivity of the 
alloy to the subsequent onset and spreading of 
microplastic deformations, even with loads lower 
than the yield strength, that is, in that region which 
it is accepted to call the “elastic” region. Such a 
conclusion explains the effect of strengthening of 
steels due to plastic deformation (which has not yet 
been fully explained), indicating that this strength- 
ening occurs as a result of increasing the resisti- 
vity of individual microregions of the alloy to the de- 
velopment of elastic deformations into microplastic 
ones, even with stresses lower than the yield 
strength. The question of the strengthening of steels 
by plastic deformation and the disclosure of the 
nature of this strengthening is outside the scope of 
the present investigation and will be dealt with in 
a separate report. 

3. Concerning the surface-weakened layer. If 
plastic deformation leads to an increase in the rest- 
ivity of microregions to the passing along themselves 
of plastic shears in a wide interval of stresses 
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TABLE l. 
Steel 15 Steel 30 
Plastic Plastic 
deformation AR weak deformation AR weak 
(%) (mm) (%) (mm) 
5.3 0.11 1.2 0.06 
10.2 0:17 2.6 0,09 
17.6 0.22 64,9 0.15 
-- 10,3 .19 
kg/cm? 
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FIG. 3. Change in the true value of the modulus of normal 
elasticity after excluding the influence of the surface- 
weakened layer. St. 30: 

1-6) = 0 %; 2 — = 1.2 
= 2.6%  4—€,) = 6.9 %; 
5—€)]=103%; undeformed 

pl 
material. 


(region II in Figs. 1 and 2), then at first glance it 
appears incomprehensible why, in the region of low 
stresses (region I), on the contrary a sharp drop in 
this resistivity is noticed, which is noted on the 
graphs by a greater intensity in the decrease of mod- 
ulus E. One of the explanations for this effect can 
be given by introducing the concept concerning the 
surface-weakened layer, taking into consideration 
that in the surface layer which is not reinforced 
from one side by the grains of the alloy, the onset of 
plastic shears and their development ought to be 
easier. Such an explanation does not contradict the 
dislocation theory either, according to which it is 
considered that grain boundaries and impurities 
form their own barriers to the path of displacements 
due to dislocations. 

Several scientists [8, 9] confirm the existence of 
this layer on the basis of X-ray diffraction and 
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FIG. 4. Change in the modulus of microplasticity 
depending upon the degree of prior 
plastic deformation: 
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mechanical studies, estimating their thickness to be 
in the limits of 0.06-0.2 mm. In one of the most 
recent studies Rovinskii and Mokeyeva [10], although 
they do not agree with the concepts of Davidenkov 
and Glikman about the surface-weakened layer, 
nevertheless indicate that a layer of metal adjoin- 
ing the surface of steel specimens appears when 
loading, in a different way from the metal of the 
body as a whole, and introduce an idea of the elas- 
tic limit (the yield strength) of the specimen as a 
whole and of its surface layer. 

At the moment it must not be considered that the 
question of the surface-weakened layer is complete- 
ly solved. However the results of the investigation 
which has been conducted, permits one to estimate 
the approximate thickness of this layer and its 
change with an increase in cold hardening. The re- 
lative part of the area of the weakened layer [1] can 
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FIG. 5. Change in the true value of the modulus of tangential elasticity. St. 10: 


i Ypl = 0.105; 
3 yp] = 0.51; 
a Ypl = 0; 


be determined from: 
AE, 


hweak 


AFw ak_ 2rRARy 2ARy k 
foc = F R (4) 


Consequently 


AE,R 


Table 1. sets forth value of AR, .., for two 
steels, calculated by formula (5). As can be seen 
from the table the thickness of this weakened layer, 
calculated by the analytical method, agrees well 
with the results of direct determination of its thick- 
ness carried out by other authors [8,9]. 

Since the thickness of the surface-weakened layer 
is insignificant, with increasing the stresses its 
influence ceases to be felt, and the change in mod- 
ulus E at high stresses, determined experimentally, 
will reflect the properties of the basic mass of the 
metal. 

INVESTIGATION OF THE MODULUS OF 
MICROPLASTICITY 


Studying the graphs in Figs. 1 and 2 we note 


2— Ypl = 0.227; 
6 — plastically undeformed material. 8 


that all curves E = f (e) intersect at one point A. 
This rule is probably not accidental, since it is 
repeated for all the investigated types of steel, and 
furthermore, as we shall see later, it is also confirm- 
ed by torsional tests. From this it may be conclud- 
ed that, depending upon the selected step of loading 
when determining the modulus of normal elasticity, 
different and even contradictory results will be ob- 
tained. 

Thus, if when testing one takes maximum stresses 
of the step of loading which are less than for point 
A, then one reaches the conclusion that Young’s 
modulus decreases with increasing prior plastic 
extension. Increasing the step of loading (crossing 
point A) can give results with a constant value of 
Young’s modulus, or even an increase with increas- 
ing the degree of prior plastic deformation. Since 
neither the initial not the final steps of loading 
are standardized, but are selected by each investi- 
gator independently, depending on the accuracy and 
reliability of the testing machine and the tenso- 
meters, it becomes understandable why there are 
still many results in this question which are incon- 
sistent with one another. This is why, when con- 
ducting the present investigation, the change in the 
true value of the modulus (E = d0/d5e) was determin- 
ed in the course of a smooth increase in stresses 
from zero to the yield strength, which allowed reli- 
able laws to be established both in the qualitative 
and the quantitative respect. 


Now it is possible to give a hypothetical law for 
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FIG. 6. Change in the true value of the modulus of tangential elasticity. St. 45: 


1 — ypj = 0.039; 
3- = 9.157; 
5- Ypl = 9.628; 
7 —Ypl = 9; 


the change in modulus E after very small plastic de- 
formation within the limit equal to zero. With in- 
creasing degree of plastic deformation, curves 

(E = f (e)) in the first region of loading tend even 
more to develop into a straight line. Therefore when 
€p] = 0 the change in modulus E will follow in ac- 
cordance with a straight line passing through two 
points: point A and the point with co-ordinates 

e= 0, E = E,. In Figs. 1 and 2 these straight lines 
are given by broken lines. 

If the influence of the surface layer of the speci- 
men is excluded, the graphs of the change in E in 
the whole region of loading appear as straight lines 
as indicated in Fig. 3. In this graph, the cross- 
hatching represents the region of possible change in 
modulus E for a given type of steel with any degree 
of plastic deformation. 

The modulus of microplasticity P, upon whose 
value depends the intensity of the change in EF with 
increasing stresses, can easily be calculated using 
formula (2). Modulus P, as can be seen from Fig. 4, 
increases steadily with the increase in the degree 
of plastic deformation. 


STUDY OF THE MODULUS OF TANGENTIAL 
ELASTICITY 


Torsion, as a more “gentle” way of loading [11], 


2 — yp] = 0.079; 
4-— Ypl = 0.314; 
6 — Yp] = 0.942; 
8- undeformed material. 


has certain advantages over tensile stressing, since 
with torsion considerably greater plastic deforma- 
tions can be reached. This gives the opportunity of 
checking the laws established above in a consider- 
ably wider interval of plastic deformations. The 
maximum plastic tortional angle was chosen close 
to that torsional angle at which failure took place, 
which was established using the check specimens. 

The true values of the modulus of tangential 
elasticity were determined as a derivative G = 5r/dy. 
The same types of steel were used as for the tensile 
tests. 

Graphs are presented in Figs. 5 and 6 showing 
the change in the true value of the modulus of tan- 
gential elasticity G =f (y), and they repeat in all 
elements the laws for the change in the function 
E =f (e). In this way the correctness of the basic 
assumptions in the first part of this article are con- 
firmed. We shall not therefore repeat ourselves here 
by reviewing these graphs. 


CONCLUSIONS 


1. After plastic deformation (of any degree) the 
dependences of the change in the true values of the 
moduli of elasticity E = f (€) and G = f (y) form two 
clearly distinct regions: the regions of low stres- 
ses with a sharp decrease in the moduli, and the 
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region of medium and high stresses with linear de- 
pendence of the decrease in the moduli. This indic- 
ates that in the second region the rate at which the 
microregion of the alloy enter into inelastic (plastic) 
deforming stabilizes itself and then remains const- 
ant. 

2. The intense decrease in the moduli of elastic- 
ity in the first region can be explained by the action 
of the surface-weakened layer of the specimen, in 
which plastic shears can commence with smaller 
stresses. 

3. An increase in the degree of prior plastic de- 
formation leads to an increase in the modulus of 
microplasticity P, whose value indicates the rate of 
the development of elastic deformations into micro- 
plastic deformations along individual microregion 
of the alloy. Consequently, plastic deformation 
leads to the strengthening of individual weak micro- 
volumes of the alloy, so that their entering into 
plastic deforming will take place with high stres- 
ses, which leads in the end to an increase in the 
overall yield strength of the metal, that is to say, 
to the well known effect of the strengthening of an 
alloy after plastic deformation. 

4. The increase in the modulus of microplasticity 
P with increasing the degree of plastic deformation 


can be explained by the crushing of the units (which 
is made apparent by X-ray diffraction methods of 
research), as a result of which the number of obstruc- 


tions in the path of displacement due to shearing 
(dislocations) is increased [12]. 

5. The results of the investigation show that 
plastic deformation gives rise to practically no de- 
crease in the initial moduli of normal and tangen- 
tial elasticity. The values of the moduli of elastic- 
ity E, and G, have a distinct connexion with the 
interatomic forces and the structure of the crystal 
[13], therefore plastic deformation which does not 
give rise to a change in the crystal structure should 
not lead to a noticeable change in the moduli of 
elasticity either. The opinion has already been ex- 
pressed, that plastic deformation should not lead 
to a decrease in the moduli E, and G, [13], and in 
experiments at very low temperatures, when the 
passage of inelastic processes (relaxational) is 
made difficult, no decrease in the modulus should 
be observed. However such measurements were not 
carried out. The question of the constancy of the 
modulus of normal elasticity for steels which have 
not undergone deformation was studied in work 


[14]. 


Translated by J.J. Cornish 
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DETERMINATION OF THE PERIOD OF RELAXATION AT THE POLYMORPHIC 
TRANSFORMATION OF IRON * 


R.I. GARBYER and A.I. KOVALEV 
Physico-Technical Institute, Academy of Sciences Ukrainian SSSR. 


(Received 10 April 1959) 


In the temperature range 20- 1000° measurements have been made of the damping ratio of torsional 
vibrations in cylindrical specimens of technical iron with a carbon content of 0.04%. In the region of 
a-y transformation, measurements were carried out at five different frequencies from 1.08 to 6.8 c/s. 
The frequency dependence of damping at transformation temperature has a maximum at 2.6 c/s, which 
corresponds to a relaxation period of 0.06 sec. Assuming that damping is connected with the activa- 
tion process and that the natural frequency of the atomic vibrations amounts to 10*° sec™, a value for 


the activation energy can be obtained of 64 kcal/g-at. 


In the region of the polymorphic transformation 
temperatures of cobalt [1] and zirconium [2] a consi- 
derable increase has been discovered in the damp- 
ing ratio of elastic vibrations. This effect can be 
interpreted as a result of energy dissipation on the 
boundaries between grains of different phases. In 
actual fact, in each of the phases near to the trans- 
ition temperature, internal friction is considerably 
lower than at a transition temperature when stable 
or unstable nuclei of a new phase arise. Unless one 
assumes special properties at the contact surfaces 
of crystals of different phases it is impossible to 
understand why such a sharp increase in internal 
friction is observed when approaching the transform- 
ation temperature. On the interphase boundaries 
transformation processes are localized. They take 
place due to heat energy necessary for maintaining 
constancy of temperature. Intensely progressing 
transformation processes can be the cause of addi- 
tional dissipation of elastic energy of vibrations 
and can lead to a sharp increase in damping ratio. 
After the transformation process is completed, a 
sharp jump and a decrease in the damping ratio 
should be found, simultaneous with further tempera- 
ture increase. 

Since the position of the jump on the curve for 
temperature versus damping ratio can be displaced 
with change of frequency, serious difficulties arise 
when determining the relaxation characteristics of 
the phenomenon. 

With a view to measuring the period of relaxation 


* Fi, metal. metalloved., 8, No. 5, 785-788, 1959. 


in similar cases one can, at a fixed temperature, 
determine the frequency dependence of the damping 
ratio of vibrations. Such a method is apparently, 
always applicable, and can be employed not only 
for studying polymorphic transformations. In particu- 
lar, it is expedient to employ this method when 
studying the influence of cold working on internal 
friction, when there is a danger that heating can 
lead to uncontrolled annealing, when studying inter- 
nal friction in the region of the melting point and 
the temperatures of recrystallization and phase 
transformations in alloys. 

If the maximum of damping ratio is discovered at 
a definite frequency, one can consider that the 
period of relaxation of the process being studied 
r satisfies the ratio 


(1) 


where w — the cyclic frequency at which the damp- 
ing value has its highest value. Results of such a 
method of investigating internal friction in iron at 
the temperature of a-y transformation are set forth 


below. 


SPECIMENS AND TECHNIQUE 


A study was made of technical iron with a carbon 
content of 0.04%. The installation which was em- 
ployed for the present study, and also the geometric- 
al shape and dimensions of specimens are described 
in the previous article, which is devoted to the 
study of the temperature dependence of the moduli 
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Polymorphic transformation of iron 


600 800 000°C 


FIG. 1. Damping ratio of torsional vibrations of iron as 
a function of temperature: 
1 — at a frequency of 2.6 c/s; 
2 — at a frequency of 6.8 c/s. 
Measurements were carried out at an increase of temp- 
erature. (The frequency is indicated for 900°). 


of elasticity in iron [3]. 

After being machined the specimens were vacuum 
annealed at a temperature of 950° for 15 hr, and were 
then cooled to room temperature, after which the 
temperature was raised to the required value by a 
heating process at a rate of 1° per min. Prior to each 
oscillographic measurement the temperature was 
held constant for 15-20 min with a view to balancing 
the temperature along the whole specimen. Oscillo- 
graphic measurements were carried out every 10- 
15°. In the most interesting region the temperature 
intervals were reduced to 8°. The damping ratio 
was determined on the results of measurements of 
photographically fixed oscillograms. 

In all, five different series of measurements were 
made. In each series the moment of inertia of the 
pendulum gear was selected in such a way that at a 
temperature of about 900° the frequency of the tor- 
sional vibrations was approximately equal to the 
prescribed values. Measurement of the correspond- 
ing oscillograms showed that these frequencies 
amounted to 1.08, 1.80, 2.60, 5.00, 6.80 c/s. The 
greatest axial load of the specimen did not exceed 
100 g/mm?. The shear per unit length with torsion- 
al vibrations did not exceed 2 x 10°, which corres- 
ponds to a shearing stress of 45 g/,mm?. An analys- 
is of the possible mistakes showed that the error 
in determining the damping ratio does not exceed 


DISCUSSION OF THE RESULTS OBTAINED 
Fig. 1 shows the results of measuring the temper- 


500 


G00 850 900 950 1000T 


FIG. 2. Damping ratio of trosional vibrations of iron as 
a function of temperature: 
1 — when heating; 
2 — when decreasing the temperature. 
In both cases the frequency at 900° was equal to 
6.8 c/s. 


ature dependence of the damping ratio of torsional 
vibrations obtained by conducting two series of 
measurements, corresponding to a frequency of 2.6 
(curve 1) and 6.8 c/s (curve 2). Similar curves were 
obtained when carrying out the remaining three 
series of measurements. It is easy to see from the 
curves of Fig. 1, that up to 700° the temperature de- 
pendence of the damping ratio obtained from conduc- 
ting the present work does not differ from well known 
literature data (cf [4]). When increasing the temper- 
ature further, a substantial increase in the damping 
ratio is observed and then a jump-like decrease, in 
the region of polymorphic a-y transformation temper- 
atures. Approach ing a temperature of 1000° the de- 
crease in the damping ratio ceases and apparently 
it can be expected that, with further temperature 
increase, an increase in the values of the damping 
ratio of vibrations will take place in the y-phase. 
Some measurements were carried out when cool- 
ing the specimens from 1000 to 800°. In this case, 
a displacement of 30-35° in the position of the jump 
on the curve towards the side of low temperatures 
was observed. Furthermore, when measuring in the 
reverse direction, the slope of the curve was sub- 
stantially changed. Fig. 2 gives curves for temper- 
ature versus damping ratio when heating (the con- 
tinuous curve) and when cooling (the broken curve). 
It is easy to see that when approaching the trans- 
formation temperature, the slope of the curves is 
somewhat flatter than when one is moving away 
from this temperature zone. However, in the y-phase, 
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FIG. 3. Damping ratio as a function of the frequency of 
vibrations. 

5 — the value of damping at transformation temperature; 

v — the value of the vibrational frequency (c/s). 


both curves progress considerably more steeply than 
in the a-phase. 

From a comparison of the curves in Fig. 1 for dif- 
ferent vibrational frequencies, it follows that at one 
and the same temperature the damping ratio depends 
upon the frequency. The greatest difference is ob- 


tained for the temperature corresponding to the jump. 


Therefore in Fig. 3 the greatest values of the damp- 
ing ratio, which are obtained at a-y transformation, 
are placed along the ordinate axis, and along the 
abscissa axis are placed the corresponding values 
of the vibretional frequency of the specimen. The 
cuve in Fig. 3 has a clearly defined maximum at a 
frequency of about 2.6 c/s. This shows that at the 
temperature of the jump there is some kind of relax- 
ation process, whose period, according to formula 
(1) amounts to 0.06 sec. 

A value for the period of relaxation obtained in 
this way can be referred to the most diverse pheno- 
mena, for example, it could be suggested that relax- 
ation occurs as a result of the relative displace- 
ment of adjacent grains of different phases. How- 
ever, it is unlikely that simple friction between ad- 
jacent grains of different solid phases would great- 
ly differ from the friction between grains of one and 
the same phase if the processes of phase transform- 
ation were not taken into account. Precisely the 
transformation processes which are localized on the 
interphase boundaries, can be the cause of relax- 
ation of the type described. Therefore it is expedi- 


ent to compare the value obtained for the relaxation | 


period with processes of an activation character 
which are taking place at transformation temperature 
on the interface between the phases. For this pur- 
pose, the well known ratio can be used 


Polymorphic transformation of iron 


ts TT (2) 


where 1, = 107" sec; H — activation energy; R —gas 
constant; 7’ — temperature of transformation at which 
the value of the period of relaxation r was deter- 
mined. Substituting in expression (2) the correspond- 
ing values of the amounts indicated we obtain 

H = 64kcal/g-at. It is expedient to compare the 
calculated value of H with the activation energy of 
self-diffusion, since polymorphic transformation can 
apparently be described as a process of detatch- 
ment of individual atoms from the lattice points of 
the old phase, and subsequent attachment to the 
lattice points of the new phase. Such a process 
must be localized on the interphase boundary, that 
is, in the very place where the energy of elastic 
vibrations is dissipated. Obviously H should not be 
greater than the activation energy of self-diffusion, 
which in the given case is so (according to the 

data of Golikov and Borisov [5] the activation ener- 
gy of self-diffusion in the a-phase of iron amounts 

to 67 kcal/g-at). This circumstance, that the value 
of H was obtained close to the value of the activa- 
tion energy of self-diffusion, can be interpreted as 
an argument in favour of the assumptions set forth 
above. 

For the reverse transformation y-a, r and H can 
have somewhat different values, since the damping 
ratio in the jump zone when cooling can depend in 
a somewhat different way on the frequency, and the 
position of the maximum on the curve of the type 
in Fig. 3 can prove to be displaced. Unfortunately, 
at the present time, the authors do not have at their 
disposal enough data to explain this question. 


Translated by J.J. Cornish 
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THE INFLUENCE OF THE TEMPERATURE OF THE EXPERIMENT ON THE FATIGUE 
STRENGTH OF SPECIMENS OF CARBON STEEL WITH STRESS CONCENTRATORS 
UNDER THE ACTION OF A MOLTEN ENVIRONMENT 
OF THE EUTECTIC Pb-Sn* 

M.I. CHAYEVSKII 
Institute of Machinery and Automation, Academy of Sciences USSR 
(Received 1 November 1958) 


The article shows that under the action of a liquid metal molten environment the fatigue strength 
of steel can increase over a sufficiently wide temperature range. 


One of the main factors impeding the development 
of high-temperature heat exchange systems in which 
liquid metal molten environments are used is the 
inability of the majority of materials to withstand 
the action of liquid metals at high temperatures. 
Therefore when investigating the fatigue strength of 
steels under the action of liquid metal molten en- 
vironments, one must bear in mind that in the major- 
ity of cases only a limited ultimate fatigue strength 
can be determined, because under the action of the 
dissolution process the endurance of the steel being 
investigated will decrease with increasing the time 
scale. 

The actions of liquid metal molten environments 
on steel which result in a change in the mechanical 
properties of the steel may be of several mutually 
interrelated types, for example: 1. Adsorption action; 
2. Dissolution process of the basic part of the alloy 
or of the composite parts which bond the crystals 
together; 3. Chemical reaction between the steel 
and either the liquid metal or the inclusions con- 
tained in it (various types of oxide). 

Diffusion processes proceed parallel! with the 
types of action enumerated. 

As the tests have shown (Fig. 1) one type of 
action or another can predominate; depending upon 
the testing temperature adsorption action may mani- 
fest itself the most strongly, whereas at higher 
temperatures the dissolution process may be of de- 
cisive significance. (Prior to conducting the tests, 
the same stress concentrators as in work [3] were 
applied to the specimens, only with a notch angle 
of 45°. Before testing in the molten environment of 
the eutectic Pb-Sn, the specimens were coated with 
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FIG. 1. Influence of temperature on the fatigue strength 

of specimens of carbon steel 35 with stress concentra- 

tors being tested in a molter environment of the eutectic 
Pb-Sn: 


= f(t°C); 
action 20 action 20 
3) environ 


action t 
o _ 1 action — ultimate fatigue strength at a given tem- 
perature on the basis of 2 x 10’ cycles; 
2} action 20 — ultimate strength at room temperature; 
0 — lenviron — ultimate fatigue strength in the molten 
environment of eutectic Pb-Sn at a given temperature on 
the base of 2 x 10’ cycles. 


7_1 environ 


a layer of the eutectic Pb-Sn by the hot-dipping 
method, (to ensure reliable wetting). 

The effect of adsorption action amounts first and 
foremost to facilitation of deformation in a steel 
placed under the action of a liquid metal molten en- 
vironment which is a strong surface-active substan- 
ce [1, 2]. As is shown in works [2, 3], the result of 
the effect of the facilitation of deformation of steel 
under the action of surface-active substances can 


be either an increase or a decrease in the fatigue 
strength of the steel. 
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FIG. 2. Character of the change in the mechanical pro- 
perties of metal with tensile stressing under the action 
of a surface-active substance: 

1 — testing in air; 
2 — testing in a surface-active medium. 


FIG. 3. Curves for fatigue strength of specimens of steel 
35 with stress concentrators Hr = 80+ 1): 

1 — tests of specimens precoated with a layer of eutectic 
Pb-Sn in a molten environment of eutectic Pb-Sn at 
400 (n = 50 c/s); 

2 — tests of specimens in a molten environment of eutec- 
tic Pb-Sn at 400°; 

3 — test of specimens in air at 400°; 

4 — tests of samples in air at 20°. 


FIG. 4. Curves for fatigue strength of specimens of steel 35 with stress concentrators (Hp_ = 80+ 1): 
1 — test of samples precoated with a layer of eutectic Pb-Sn in a molten environment 
of eutectic Pb-Sn at 500°; 
2 — test of samples in air at 500°; 
3 — test of samples in air at 20°. 


It is considered that facilitation of deformation 
and decrease in strength are explained by the fact 
that liquid metal molten environments diminish the 
surface energy of steel, promote the onset of plas- 
tic shear and the development of various defects 
[2]. There is little information in the literature 


[3-6] on the possibility of increasing the strength of 
steel under the action of surface-active media. 

As can be seen from Fig. 1 in the temperature 
range 250-500°, the fatigue strength of steel speci- 
mens with stress concentrators, subjected to the 
action of a liquid metal molten environment of the 
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eutectic Pb-Sn, is higher than when testing in air. 
It must be assumed that the mechanism of such an 
increase in fatigue strength amounts to a decrease 
in stress concentration resulting from the softening 
of the surface layers of the metal under the action 
of a liquid metal molten environment. The latter 
leads not only to a decrease in the yield strength of 
the surface layers of the metal, but also to an alter- 
ation of the modulus of elasticity [2]. With cyclic 
straining of steel specimens at a given strain € 
(Fig. 2) the stress in the softened layer can only 
reach a magnitude of o as a result of strengthening, 
whilst in steel specimens being tested in air the 
stress increases to a magnitude of 0, which can 
prove to be inadmissible [7, 8]. 

From the curves given in Fig. 1 one must not draw 
the conclusion that right up to 500° carbon steel spe- 
cimens subjected to cyclic straining will work satis- 
factorily in a liquid metal molten environment. The 
fact is, that the points in Fig. 1 which correspond 
to the restricted endurance limit of steel specimens 
are determined on the basis of 2 x 10’ cycles. In 
order to come to a conclusion about the possibility 


of employing steel which has undergone cyclic 
strain in structures with a liquid metal molten en- 
vironment, it is necessary to determine the intensity 
of the drop in the limited endurance limit with in- 
creasing time scale of testing due to dissolution of 
the steel. 

If, for example, during tests at ¢ = 400° (Fig. 3) 
the intensity of the drop in the limited ultimate 
fatigue strength is insignificant, then at a test tem- 
perature of 500° (Fig. 4) the limited ultimate fatigue 
strength drops considerably with increasing the 
basis of testing. Therefore, if at ¢ = 400° carbon 
steel, which is undergoing cyclic stressing, can 
still be employed for structures in which a molten 
environment of the eutectic Pb-Sn is used, then at 
a temperature of 500° it is inexpedient to employ 
carbon steel in the case of continuous operation. 


Translated by J.J. Cornish 


REFERENCES 


1. P.A. Rebinder, Jubileinyi sbornik Akad. Nauk USSR 
k XXX-letiiu Velikoi Oktiabr’skoi sotsialisticheskoi 
revoliutsii, (Jubilee symposium of articles of the 
Academy of Sciences USSR to celibrate the 30th 
anniversary of the great October socialist revolution), 
publ. Akad. Nauk USSR, 1, 123 (1947). 

. V.N. Likhtman, P.A. Rebinder and G.V. Karpenko, 
Vliianiye poverkhnostno-aktivnoi sredy na protsessy 
deformatsii metallov (The influence of a surface- 
active medium on the deformation processes of metals) 
Publ. Akad. Nauk USSR, (1954). 


. MI. Chayevskii, Dokl. Akad. Nauk USSR, 124, No.4 
(1959). 

. T.Iu. Liubimova and P.A. Rebinder, Dokl. Akad. 
Nauk USSR 63, No. 2 (1948). 

. T.lu. Liubimova, Zh. tekh. fiz. 12, 331 (1950). 

. N.V. Pertsov and Iu.V. Goriunov, Inzh-fiz.Zh. No. 6 
(1959). 

. E. Orowan, The welding journal, June (1952). 
M.I. Chayevskii, Dokl. Akad. Nauk USSR, 
125, No. 2 (1959). 


LETTERS TO THE EDITOR 
THE PROBLEM OF THE MECHANISM OF INTERCRYSTALLINE INTERNAL 
ADSORPTION IN DILUTE SOLID SOLUTIONS * 
V.I. ARKHAROV, B.S. BORISOV, S.D. VANGENGEIM and G.G. TALUTS 
Institute of the Physics of Metals Academy of Sciences U.S.S.R. Urals State University 
(Received 19 June 1959) 


The radiographic method of examining intercrystal- 
line internal adsorption (measurement of the revers- 
ible changes in the lattice parameter of a polycryst- 
alline solid solution in relation to grain size of the 
alloy does afford much greater possibilities, in com- 
parison with other methods, for a quantitive approach 
to the effect. Several binary and ternary systems 
[1, 2, 3] have been studied by this method, which 
has made possible various qualitative considerations 
concerning the factors which determine the nature 
of the intercrystalline internal adsorption in differ- 
ent alloys [4]. 

However, if the data obtained is to be used for a 
detailed analysis of the mechanism of the effect, it 
is necessary to define more accurately the ideas 
concerning the characteristics of the state of the 
atoms of the dissolved component in the lattice of 
the solvent. 

On the basis of the models of Mott [5] and Friedel 
[6] it has been assumed that there are atomic nuclei 
of the solvent and the dissolved additions in the 
nodes of the lattice; electrons in the inner shells 
of these and other atoms form an electrical field 
which is the same for the whole lattice. It is exclus- 
ively the external valence electrons which are res- 
ponsible for a change in potential. These may be 
observed as an electron gas. It is assumed that the 
impurity atoms are to be found at great distances 
from one another and their interaction may be 
ignored. 

In this model only the differences are considered, 
between atoms which are bonded with their differ- 
ent valences. Here the valency of the solvent ele- 
ment must be less certain than that of the dissolved 
component. 

In the case of solid solutions of elements in the 
II- V groups of the periodic system with copper, 
silver and gold, the model gives a picture of many 
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different effects which corresponds very satisfact- 
orily to experiments. 

It has been shown that, as a result of the inter- 
action of the electron shells of the atoms of the 
solvert and the atoms of the solute a local redistri- 
bution of electric charge “(screen redistribution”) 
must arise close to the latter. This may be describ- 
ed as an increase in the effective atomic radius in 
the atoms of the solute. This change is much less 
in the atoms of the solvent and it may virtually be 
ignored. 

This effect of “screen redistribition” has been 
observed, for example, in diffusions in weak solid 
solutions [7], in the changes in electric resistance 
[8] and paramagnetic susceptibility [9, 10] of solid 
solutions in relation to the concentration of the 
dissolved component, in more or less all effects and 
processes connected in any way with the further 
interaction in solid solutions. 

The influence of impurities in similar phenomen 
opens up a way for the determination of the signi- 
ficance of a “screened” atomic radius. In the work 
of Henry and Rogers [9] in particular, which is de- 
voted to the study of the paramagnetic susceptibi- 
lity of dilute alloys with a copper base, the ratio 
relating the value of paramagnetic susceptibility 
X,q to the screen-redistributed atomic radius of im- 
purity r is derived: 


Ne? 
6m 


It follows from all that has been said that the 
interaction of the electron shells of the atoms in- 
cluded in the composition of the dilute solid solu- 
tion may have a considerable effect on the behaviour 
of the atoms of the impurity in this solid solution. 

In particular this may have some bearing on the 
intercrystalline internal adsorption. In considering 
electron interaction it should be possible to des- 
cribe the atomic mechanism of internal adsorption 
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TABLE 1. 


Screen redistri- | 
buted atomic 
radiusT, 

Calculated acc. 

9] 


Composition 


Increased (+) 
or decreased (—) 
size 


Change in 
grain size 
by how 
many times 


A Qteor x 104, 


A Calculated 
iaee. [11] 


Ag+1% TI 2.68 


| 
+98 
-~95 
+32 

+29 


Ag+5% Zn 


+i +14] 414141 


—21 
421 


+21 


Ag+1% Pb 


+1+| 


—56 
+56 
—56 
456 


Cutl% 


Cu+!% Sn 


and to relate it to quantitative data available in 
this field. 

If there are any defects or structural heterogen- 
eities in the lattice, interaction will occur between 
them and the atoms of the impurity. This is an inter- 
action of long range order and consequently one can 
here speak of “screen redistribution”, that is to say, 
the atoms of the impurity should behave here as if 
they were subject to a “screen redistribution” atomic 
radius. 

As any structural heterogeneity (including grain 
boundaries) may be regarded as a system of disloca- 
tions, for an approximate description of the inter- 
action of the atoms of an impurity in a solid solution 
with the distortions of the lattice, Webb’s [11] cal- 
culation may be used for a number Nj of atoms dif- 
fused from the depth of the grain to the system of 
dislocations, which models the intercrystalline 
boundary, that is for the number of atoms subject to 
intercrystalline internal adsorption. 

A similar calculation was carried out by us for 


the solid solutions Ag-T1, Ag-Zn, Ag-Pb, Cu-Mg 
and Cu-Sn. The concentrations of su face active 
elements in these alloys were substantially lower 
than their volumetric solubility. 

The results of the calculation are set out in 
Table 1. 

As can be seen from Table 1, with calculations 
and experimental data corresponding quite well, 
divergencies are to be observed, which in certain 
cases exceed the absolute errors of measurement of 
the lattice parameter. The following may be put 
forward as possible causes for this divergence. 
First of all, the question of the use of Webb’s 
formula, consisting as it does of macroscopic values, 
for the definition of an effect of atomic dimensions 
is justifiable only as an initial approximation. 
Secondly, the effect of the mutual orientation of 
neighbouring grains has not been clarified. This 
might lead to a change in the width of the intercrys- 
talline zone and, connected with this, a change in 
the lattice parameter, which changes from one 
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change in the lattice parameter; these factors are 


group of grains to another. Thirdly, block formation 
to be the subject of further investigation. 


which might be changed from experiment to experi- 
ment and, as a result of the internal adsorption on 


the boundaries of blocks might bring about some Translated by V. Alford 
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ON ADDITIONAL WEAKENING OF X-RAY DIFFRACTION LINES IN POWDER SPECIMENS * 
A. YE. KOVAL’SKII and S.V. SEMENOVSKAIA 
All-Union Scientific Research Institute for Hard Alloys 
(Received 5 April 1959) 


It is well known that correct structural interpreta- 
tion of diffraction is impossible without taking into 
account the influence of the factors of submicro- 
structure on intensity (primary and secondary extinc- 
tion, third-order distortions, errors in the superposi- 
tion of atomic layers). Furthermore, as was shown 
by Wilchinsky [1], additional weakening of intensity 
is observed in powder specimens which takes place 
as a result of “entanglement” of reflected rays in 
coarse-grained uncompact specimens. Such entangle- 
ment, according to the data in work [1] is constant 
for all angles of reflection. 

If calculations are made, not by the absolute in- 
tensity of any one line, but by the ratio of the inten- 
sities of several lines, as is done in the most recent 
works [2, 3], then the constant factor is excluded 
and consequently the “powder” factor of intensity 
may, it would appear, be disregarded. However in 
actual fact this factor apparently changes with the 
angle of reflection. This was discovered by 
Mckeehan and Warren [4] for tungsten powder. We 
checked this circumstance further on three tungsten 
powders: a) coarse-grained; b) unground fine-grained; 
c) fine-grained, ground in spirit. 

By means of compacting (by hand) under various 
pressures, specimens of different compactness were 
obtained from each powder. Measurement of the in- 
tensity of four lines for each specimen was carried 
out on installation URS-501 using CoKa-radiation 
with an iron filter; the rotation rate of the specimen 
was 0.5°/min, the chart speed of the recorder was 
of 600 mm/hr, width of the slits was 2, 1, 0.5 mm. 
The intensity values obtained were referred to like 
values for the same lines of the most compact spe- 
cimen of the given series. The results are set forth 
in Table 1. 

The data from Tabie . show: 

In a fine-grained unground powder, the degree of 
compactness exerts a relatively small influence on 
the intensity. 
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In a coarse-grained powder, and also in a fine- 
grained powder ground in spirit, the influence exert- 
ed by the compactness on the intensity is substan- 
tial. The similar behaviour of what would appear to 
be such very different powder is possibly brought 
about by the formation in the latter powder of con- 
glomerates, in which rays “get entangled” in the 
same way as in large grains. 

The weakening of the intensity, in contrast to the 
data of Wilchinsky, depends on the angle of reflec- 
tion, but this dependence is not regular in character, 
as was obtained in one specimen by Mckeehan and 
Warren, but random. We consider that this conclus- 
ion of ours is reliable, because the magnitudes of 
the fluctuations in intensity set forth in the table 
are, in the majority of the tests, outside the limits 
of error for the test (5%). 

The presence of such random fluctuations in in- 
tensity depending upon the angle of reflection and 
the compactness make the interpretation of the in- 
tensity of powder specimens unreliable. 

As can be seen from the data of the same table, 
the fluctuations in the values of the physical half- 
width of the lines depending upon compactness are 
not in practice outside the limits of measurement 
error, that is to say, the values of the half-width 
of the lines are not dependent upon the compact- 
ness of the specimen. 


Translated by J.J. Cornish 
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TABLE 1. 


Physical broadening by 
half the height, 
(degrees). 


Weakening of the intensity 
integral in comparison with 
— the most compact specimen 


powders 


(%) 


(110) | (200) } (211) | (22C) | (110) | (206) | (211) | (220) 


compactness 


Series A 


Series B 
homogenous, 
fine 


Series C 
inhomogeneous 
powder: 40% of 
series B + 60% 
of coarse homo- 
geneous powder 
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DISPERSION EQUATION FOR ELECTRON PLASMA IN A MAGNETIC FIELD* 
L.I. PODLUBNYI 
Odessa Pedagogic Institute 
(Received 31 March 1959) 


Recently a method has been developed in a num- 


ber of works [1, 2] for calculating concrete character- 


istics (energy spectrum, distribution functions) of 
Bose -Fermi systems of quasi-particles by means of 
their Green’s functions. In particular, having solved 
the corresponding Schwinger equation, one can track 
the change in the spectrum of the oscillations of an 
electron plasma placed in a constant uniform field. 

The use of Green’s function, for example, for an 
electron in the field 


=— (Er) 


(1) 


would allow one to explain the dependence of w (E) 
(or X (H)) for the contribution of the “neutral” com- 
ponent to the specific inductive capacitance (or 
susceptibility). But in this case one would have to 
overcome considerable difficulties in calculation. 
In as much as in the pulse concept 


(#) = — ib (k,) (E yx) (2) 


it is much simpler to confine oneself to expanding 
the first two terms of Green’s electron-hole func- 
tion so that 


G (p) = G,(p) — (3) 
i(2=)4 gG,(p) (Ey,) (Pp) 


An analogous expansion can also be written in 
the case of the constant uniform magnetic field A; 
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by way of a vector potential it is convenient to 
select 


Proceeding exactly as in work [2] (the legend is 
the same as in work [2]); the Lagrangian coincides 
with the Lagrangian in work [2] complemented by 
the term (7 A)) we shall obtain for Green’s function 


of the plasma DF (k) 


D* (k DF 


+ Py (4) (k, H), 


where P.*) corresponds to the self-energy of the 
plasmon (and coincides with the analogous expres- 
sion in [2] ), and the term P, (&, H) of the “light- 
field scattering” type containing the outer field has 
the form (if one confines oneself to isotropic approx- 
imation): 


Px(k, H)= 
(6) 
= | d'pGi(p) — [Hp] [Hp — 


Hence, having expanded the integrand into a k 
series, for the dispersion equation 


[D* 


we shall find (with regard to the approximation and 
the system of units cf. [2] ): 
2g? i2 
5 ke 


3x2 


(7) 


+ +... 0, x= 
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the terms which have not been copied out here 
contain ko, X, H and the angle w between vectors 

H and k&. We calculated term P, (k, H) accurately, 

but as a result we obtained a most massive expres- 
sion. 

From equations (5)-(7), as is usual, it ensues that 
the outer magnetic field changes the boundary of 
the spectrum and can destroy the plasma oscillations. 
It stands to reason that in the case of strong fields 
our method of investigation is unsuitable, but in 
this case one never has to talk about the separation 
of plasma oscillations on longitudinals and cross- 
sectionals. 

The various generalizations of (6)-(7) (anisotropy, 
calculation of the following approximation of the 
perturbation theory and so on) can be obtained in 
the same way as in [2,3]. No special difficulties 
occur in the case of a variable field either, when it 
is only necessary to bring about the substitution 


(Ro) > 8 (Ro— ®). 


in equation (4). For the plasma in a constant uniform 
electric field results similar to (6)-(7) occur 


18 P 

= FE? = cos*y+..., 

ky 

but the corresponding expansion for Green’s electron- 
hole function is more successive (besides, in the 
case of a weak magnetic field the Schrodinger 
equation can also be considered as linear for H; in 
this case the integration in (6) is considerably 
complicated). 
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In conclusion we shall note that the use of such 
a method is not exhausted by the evolution of “the 
polarization operator” which is carried out, but can 
be comparatively easily extended with a view to 
investigating self-energy induced by interaction 
between an electron and crystal lattice vibrations 
(cf [1]). This would enable one to conduct a mass 
renormalization in the presence of an outer field 
and to determine, for example, the correction for 
susceptibility (in work [4] which appeared recently, 
with this aim, a calculation is made, by means of 
solving the Heisenberg equations of motion, of an 
accurate transformation function for an electron in 
a constant uniform magnetic field, which also takes 
into account temperature effect. 


Translated by J.J. Cornish 
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CONTRIBUTION TO THE TREATMENT OF ANOMALOUS EFFECTS ON X-RAY 
PHOTOGRAPHS OF ALLOYS IN THE PROCESS OF AGEING. * Il 
R.R. ZAKHAROVA and N.N. BUINOV 
Institute of Metal Physics Academy of Sciences U.S.S.R. 
(Received 7 February 1959) 


In work [1] it is shown theoretically that when 
X-rays are scattered by a crystal in the process of 
ageing, the anomalous effects observed on the X-ray 
photographs can be regarded as effects of shape. 
Such treatment of the anomalous effects has been 
employed when analysing the results of an X-ray 
diffraction study of ageing in the alloy Al-Ag [2]. 
However for proving that the anomalous effects 
actually are effects of shape, it is desirable to have 
an experimental setup with which it would be poss- 
ible to predict beforehand their shape and disposi- 
tion. Therefore it was interesting to study alloys in 
the process of ageing with added agents which, de- 
pending upon whether they enter the Guignier- 
Preston zone or remain for the most part in the solid 
solution, will change in different ways the relative 
position of the regions of anomalous scattering cor- 
responding to them. For the first attempt in this 
direction, a study was made of the alloy Al-Ag 
(20%) with 0.6% Mg. 

The choice of the Al-Ag alloy was governed by 
the fact that after hardeing and low-temperature 
ageing the most simple anomalous effects, in the 
form of haloes and diffuse spots, are observed on 
Laue diffraction patterns from coarse-grained speci- 
mens of this alloy. In works [2, 3] it was consider- 
ed that in the reciprocal space the regions of anomal- 
ous scattering of the first and second types super- 
imposed upon one another correspond to these haloes 
and diffuse spots (these regions of anomalous scat- 
tering are connected with the points of the reciprocal 
lattice of the matrix and Guignier-Preston zone, res- 
pectively). 

To explain the results of the present investiga- 
tion diagrams are given (Fig. 1 (a), (b) and Fig. 2 
of work [3] ) of the formation of anomalous effects 
on X-ray photographs depending on the relative 
position of regions of anomalous scattering of the 
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first and second types, graphed with the aid of 
concepts of the reciprocal lattice and on the basis 
of work [3]. 

When selecting Mg as the addition agent, it was 
assumed that, because of its greater atomic radius 
in comparison with the atomic radii of Al and Ag, 
the shape of the anomalous effects ought to change 
sharply, both in the case of the magnesium atoms 
gathering in the silver-rich zones and in the case of 
preferred distribution of magnesium in the solid 
solution. It was considered unlikely that zones 
based on magnesium would form because Al-Vg 
binary alloys age very little with hardening and low- 
temperature annealing. Voreover, in our tests the 
magnesium addition was very insignificant (lower 
than its solubility limit in aluminium at room tem- 
perature). 

On the basis of what has been stated one might 
have expected the following. 

1. If the magnesium enters the silver-rich 
Guignier-Preston zones in considerable quantity, then 
the lattice constant of these zones will increase 
in comparison with the matrix lattice constant. In 
accordance with this the regions of anomalous 
scattering of the second type will be “displaced” 
to the origin of the co-ordinates of the reciprocal 
lattice of the matrix. Diffuse spots in the form of 
“half-moons”, with their convex side to the path of 
the primary beam (Fig. 1 (a)) ought to be obtained 
on the X-ray photographs. 

2. If, in the main, Mg atoms enter the lattice of 
the solid solution, then the regions of anomalous 
scattering of the first type will be “displaced” to 
the point (000). In this case effects, also in the 
shape of “half-moons”, will be obtained on the 
X-ray photographs, but placed the other way round, 
that is, with the concave part facing the path of 
the primary beam (Fig. 1 (5)). 

3. When the magnesium additions are uniformly 
distributed in the Guignier-Preston zones and solid 
solution alike, no preferred displacement of one of 
the regions of anomalous scattering takes place, 
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FIG. 1. (a), (6). Diagram of the formation of anomalous effects on X-ray photographs of alloys. 


FIG. 2. The shape of anomalous effects on a Laue diffraction pattern of the 
alloy Al-Ag (20%) with 0.6% Mg after low-temperature ageing; the arrow 
indicates the position of the path of the primary beam of X-rays. 


and diffuse spots in the form of rings should be 
obtained on the X-ray photographs (Fig. 2 of work 
(3]). 
X-ray photographs of alloy Al-Ag with Mg addition 
showed the validity of the first assumption (Fig. 2). 
Thus, the results obtained, confirm the correct- 
ness of the interpretation of diffuse anomalous ef- 
fects from alloys in the process of ageing as effects 
of shape. In the future, tests will be continued using 
other additions. 

In conclusion it must be noted that in the opinion 
of Ewald [4] only centrosymmetry of the region of 


anomalous scattering is proof that anomalous effects 
are effects of shape. A certain amount of centro- 
symmetry of the region of anomalous scattering is 
observed in the case of the Al-Ag alloy [3], it is 
strong in the case of Al-Ag-Mg and very strong in 

the alloy Al-Zn [5, 6]. However, this does not con- 
tradict Ewald’s point of view because it is merely 
apparent centrosymmetry (superposition and displace- 
ment of the centrosymmetrical regions of anomalous 
scattering take place relative to one another). 


Translated by J.J. Cornish 
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1. INTRODUCTION 


We know that ferromagnetic metals have 
additional specific resistance compared with 
non-ferromagnetic metals. This additional 
resistance is usually explained by dispersion 
of conductance electrons on thermal fluctua- 
tions in the degree of magnetization. 

In metals which are in conditions of ferro- 
magnetic resonance the character of the 
fluctuations in the degree of magnetization 
can be materially altered, 

The specific resistance p of a metallic 
ferromagnetic can be considered to consist in 
the following parts 


P= Pame +P (1) 
where Pjattice and P fm are respectively the 
resistances caused by dispersion of conduc- 
tance electrons on lattice variations thermo- 
dynamically in equilibrium (phonons) and on 
variations in magnetization (ferromagnons) 
and py, is the additional resistance caused 
by a change in magnetization in a radio- 
frequency field. The temperature relation 
and order of magnitude of Pj ++i¢, are well 
known;  ¢, was calculated by Turov [1] for 
low temperatures on a spin wave model, The 
temperature relation of Pin agrees qualita- 
tively with experience. Here an attempt is 
made to construct a qualitative theory for 
the increase in resistance of ferromagnetics 
in a radio-frequency field. 


2. FORMULATION OF THE PROBLEM. THE ENERGETIC 
SPECTRUM OF A SYSTEM OF SPIN WAVES INTERACTING 
WITH EXTERNAL ELECTROMAGNETIC EMISSION 


When far from ferromagnetic resonance a 
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radio-frequency field does not in practice 
change the amplitude of the spin waves 
excited by thermal movement and P fn will be 
near zero. 

When near ferromagnetic resonance the 
energy of a radio-frequency electromagnetic 
field is passed to spin waves with a wave 
number close to zero; this corresponds to 
the increase in the precession angle of the 
magnetization vector, Since in this instance 
the magnetization remains uniform no supple- 
mentary dispersion of conductance electrons 
will arise owing to the absence of non- 
uniformities in magnetization. However for a 
ferromagnetic metal in a radio-frequency 
field the magnetization in the skin layer 
will be non-uniform already and the radio- 
frequency field will increase this non- 
uniformity exciting a spin wave with the 
wave number k ~1/$ (§ the depth of the 
skin layer). A growth of non-uniformity in 
magnetization in a skin layer close to 
resonance will cause additional dispersion 
of conductance electrons and thus the resis- 
tance of the skin layer will have a resonance 
character, It should be noted that as the 
radio-frequency field interacts with the spin 
wave field the dispersion laws of these 
fields are altered, 

We shall use the following form for Hamil- 
ton’s function of spin waves interacting with 
a radio-frequency field: 


H = ( {2 + 
M; 


Here the first addend D is the energy of 


1 
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the free fluctuations of spin density in a 
constant magnetic field [2]. 


Developing the amplitudes of the free fields 


in series by Fourier-components and corres- 
pondingly standardizing them, the Hamiltonian 
(2) can be written; 


2 


4.2 — gz + + Gz Pral 
(3) 
Here 
o, = = (4xc*x%u, gyM,)*: 

(4) 
where in the expression for the spin waves 
frequency - @,, the generally accepted 
symbols are used (2]; w, is the frequency of 


the external electromagnetic field; 
iw, t 


are the spin field amplitudes; 


Pu~ Prue e inet 
are the amplitudes of a radio-frequency field 
with polarization a; e,, is the unit vector 
of polarization. Spin waves with k+ x are 
not changed by the radio-frequency field 
and consequently they can not be considered in 
the following calculations. In (3) we omit 
only one item with fromthe sum on k. 
We shall consider the linear-polarization 
radio-frequency wave in the directions. Then 
after diagonalization of (3) the energy can be 
represented as the sum of the energies of two 
non-interacting oscillators 


H= (5) 
with frequencies 


Qi, = (oi +0) +V (@? — + 4a, 


(6) 


The amplitudes and are linked with p,. 
and g, by the relations 


— 


where 


“1 


2 
+ 207, — 25 


The interaction constant is ~ 5x10! sec. 
and therefore, in the conditions which inter- 
est us and are not too far from resonance 
), true relation for ferromagnetics 
with a line width of yAH< 12. will be 


we 


w? — 


47 


= b.2 = (px + qx). 


Performing the quantization of the Hamil- 
tonian (5) in the normal way in a system of 
spin waves interacting with radio-frequency 
emission we separate two types of quasi- 
particles not interacting with one another 
with energy 


H= AQ (9) 


The operators ‘. and ‘* are subordinated to 
Bozev’s inverse relations, When @,, — 0, 
Q, => @,, Qs = 


then, as must be, the quasi-particles of the 
first type correspond to the spin field 
quanta or to ferromagnons and the electro- 
magnetic field quanta, photons, are the 
quasi-particles of the second type. 

When @,.=0 the quasi-particles of both 
types can be interpreted as quanta of some 
electromagnetic fields (with the fluctuation 
frequencies $2, and (2, from (6)) which do 
not interact and can be described by the 
vector potentials 


(10) 


Ay, — = Aq = 


[9 e, 


The vector 7 has vee same sense as x and 
where = 0 vig 


(11) 
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8. CALCULATION OF ELECTRICAL CONDUCTIVITY 


We shall calculate the electrical conduc- 
tivity for the common instance where a con- 
stant field #, is sensed along the axis z and 
the vector of the electrical field £ coincides 
with the radio-frequency field’s direction of 
propoagation, The conductance electrons 
accelerated by the electrical field will be 
scattered on the quasi-particles with a spec- 
trum as determined by (9). 

In a representation of the secondary quanti- 
zation the operator of electron interaction 
with both types of these quasi-particles has 
the form 


+ + at (12) 

8xh 

(13) 


aly. 


We write the full Hamiltonian of the system 
in the form 


H, = e,at a, + (14) 
k 


The scattering of conductance electrons on 
both the spectrum’ s branches (9) is calculated 
using the statistical theory of disturbances 
worked out by Kubo and Tomita [3] and first 
used to calculate electrical conductivity in 
a work by Nakano [4]. This method is based 
on the linear theory of irreversible processes 
and via the relaxation function introduced by 
Kubo it gives an expression for electrical 
resistance. 

We consider the movement of a system where 
there is a pulse in the electrical field and 
which can be described by the Hamiltonian 


=H, —We(JA(), (15) 
where A(t) is the graduated function of time 


~> 
(16) 


Taken conventionally at the moments t >t, 
the average current density is expressed via 


an equilibrium matrix of density p(t) =p, 
when there is an electric field at the moments 
t €t,. In a linear approximation to the 


disturbance _! (jA) the current is 
dz E, (t —*) %»,(t), (17) 
where 9, is the relaxation function equal to 


8 
My, 
(t) = | dispur *j, 
0 
= IVRT; p, y, 2 


Taking into accomt that H, <&T, E(ty=E 
and the energy e , 1s the function of the 
square of the modulus of the electron k vector 
we shall obtain an expression for the specific 
resistance 


He > 8 (w). (19) 
h? ( 
Here 


(20) 


Using the Fermi inverse relations for af and 
a, and the Bozev inverse relations for (t+ 
and Cy, we find the average value of the 
commutator entering into (19): 


(lin HO] ) 8(@) = 


(KS > +1) + 


— AQ 


where h= is the Fermi dispersion 


e kT + 1] 

function. Proceeding from summarization on 
the quasi-particles to integration we obtain 
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[in > (0) = 


é2 
1 — cos?4)d 6) d6. 
cos? 6) d (cos 9) 


ak 
- | k?dk 
q Ok q 


(fy —fe+a) 


e 
{ (ke +1 ) + Cou > (Mop +1)} = 


Ae 
+ l ) > Nop + 
(22) 


+ > + 1)}, 


Ok |, 
The derivative oe ) is taken on a Fermi 
0 


surface. Disregarding compared with 
unity and considering that 
de 
ok Je 


we obtain for the specific resistance p, in 
the direction 7 


+ ) (nqu+!)}. (23) 


Here 
32w4 > 
@ 


wa) 


= hw ,, a Da = 


then the value Yq may be ignored in comparison 
with p q 


(24) 


(24) shows that the number of quasi-particles 
of one or the other type is almost wholly 


determined by the radio-frequency field and 
does not depend on temperature, Substituting 
the values of a in (23) we obtain 


ward de — 02)? 

(py_ is the sum of », for w= 1 and w= 2). 

The instance #= 1 corresponds to the dis- 
persion of electrons on ferromagnons with a 
wave vector q, being modulated by the radio- 
frequency field we summarize on all the quasi- 
impulses of the ferromagnons and express the 
operators (, and ¢* via the operators of 
the origin and destruction of the free ferro- 
magnons 6, and bt, linked vith the magnetiza- 
tion as follows: 


Mt = Mg + iMy = “all exp (ig r), 


(25) 


Mz = iM gy = ow exp (— 


and we obtain a value for p fa first calcul a- 


ted by Turov 
4x8 AM, |’ ( | 


( 
min 


— 
e 


ydq’, 


Pom won 


4. CONCLUSIONS 


The calculated effect of an increase in the 
resistance of a ferromagnetic metal in con- 
ditions of resonance can be seen in thin 
films of the order of skin depth. In samples 
considerably thicker than skin depth this 
effect will be very inconsiderable and 
possibly unobservable as the alteration in 
resistance will only occur in the surface 
layer. 

Since in (25) an approximation of the spin 
waves was used which is true only for devia- 
tions that are not excessively large from the 
equilibrium of magnetization, our results are 
true only for a range of temperatures below 
Curie’ s temperature, Since in our calculation 
we only retained terms linear according the 
amplitude of the radio-frequency field one 
must consider that this amplitude h, is con- 
siderably less than the width of the ferro- 


4 
2gueH 
8 
19! 
horg 
rae = 
1 
Po aT de \2 
( =) 
ab 
As 
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magnetic resonance line. 

Taking these limitations into account and 
substituting the values of the constants in 
(25) we obtain close to resonance (w, ~ WW) 


ho 
(27) 
205 (Aw)? 


~ 1018 


As we have not taken attenuation of the spin 
waves into account the addend corresponding 
to the attenuation is missing from the denomi- 
nator of (27); it is in order of value equal 
to the fourth power of the width of the reso- 
nance Y AH, 

Close to resonance P ¢,/Pjsttice can be 
approximately written in the form 


(AH)? 
(the order of value for p lattice iS taken 
for iron at 100°K). 

The relation pf,/p lattice 18 proportional 
to the value (/)/ AH)? which was considered 


low in our calculations. Thus when far from 
saturation of ferromagnetic resonance and 


~ 103 


No < AH the change in electrical resistance 
Prn/P \attice iS small. This result can be 
obtained immediately by developing p fa/S hatin 


tice in series by powers of the relation re 

Apparently there must be a considerable 
change in the electro-resistance when there 
is saturation of ferromagnetic resonance, 
Unfortunately we do not know of any available 
methods of calculating the electromagnetic 
field of the fluctuations in spin density in 
this instance, 

It would be interesting to study experimen- 
tally the relation P jn/ P lattice as a func- 
tion of AH. 


Translated by P.J.H. Saunders 
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THE ROLE OF DIPOLE-DIPOLE 


INTERACTION IN 


FERROMAGNET IC RESONANCE* 
Iu.A. IZYUMOV 
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(Received 15 April 1959) 


The general theory of Kubo and Tomita [1] for magnetic resonance 
absorption is used to calculate the form of the line in ferromagnetic 
resonance including exchange and dipole-dipole interactions of elec- 


trons. 


It is shown that dipole-dipole interaction leads to Kittel’s 


expression for the resonance frequency and causes the line to widen 


to a degree increasing with temperature. 


At absolute zero the width 


of the line appears, although finite, extraordinarily small in value. 


1. INTRODUCTION 


A characteristic feature of ferromagnetic 
resonance is the dependence of the resonance 
frequency on the form of the sample. Kittel 
[2] showed that if a constant magnetic field 
is applied along axis z and a variable field 
along axis x the resonance frequency is deter- 
mined by the formula 


(Ny —N.) M][H + (N, — Nz) 


(1. 1) 
where 4, is Borh’smagneton; g is Lande’s 
factor; WM the magnetization along axis z and 
Ny Ny, N,, are the demagnetizing factors 
along the axes x, y, z, where N, Ny N, = 47; 
h is everywhere Plank’s constant divided by 
27. 

On the basis of quantum theory Van-Vleck [3] 
has given a microscopical derivation of (1.1) 
considering the dipole-dipole interaction of 
the spins and linking in the same way the de- 
magnetizing factors with the dipole-dipole 
sums along the lattice angles, 

Using the method of moments [5] in an earlier 
work [4] Van-Vleck studied the combined role 
of dipole-dipole and exchange spin inter- 
action in paramagnetic resonance establishing 
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the effect of exchange reduction which con- 
sists in the line width, conditioned by 
dipole-dipole interaction, decreasing in the 
presence of exchange interaction by as many 
times as the exchange energy of the two 
neighbouring spins exceeds the dipole-dipole 
energy. Application of the moments method 
for ferromagnetics comes up against difficul- 
ties of principle but Van-Vleck showed quali- 
tatively [3] that for ferromagnetic resonance 
the exchange reduction effect must be strongly 
dependent on the temperature and the line 
width, conditioned by dipole-dipole inter- 
action, moves strongly towards nil at zero 
temperature, Here Van-Vleck does not work 
from the full operator of the dipole-dipole 
interaction but only from that part of it 
which is linked with the basic resonance line. 

Keffer [6] calculated the second moment of 
the basic line by Van-Vleck’s method using 
the dipole-dipole interaction terms omitted 
by Van-Vlecks and found that it does not 
disappear at zero temperature, From this 
Keffer [6] and Kittel] and Abrahams [7] also, 
concluded that the line width at zero tem- 
perature is finite and its order of value is 
experimentally observable. 

This result was criticized by Bloembergen 
and Wang and also in a recent work by Clogston 
and others [9]. They pointed out that the 
second moment found by Keffer which does not 


disappear at zero temperature is not linked 
to the width of the basic line but to the 
contribution made to it by satellite lines, 
However, there is still no convincing solution 
for this problem and to solve it the width of 
the absorption line must be calculated direc- 
tly. 

But in the application to ferromagnetics 
there is oly difficulty; the dipole-dipole 
interaction in them can not be considered as 
a small disturbance, although it is already 
evident from (1.1). However, by applying the 
method of normalization to the energy of 
dipole-dipole interaction we shal] avoid this 
difficulty and we use the formal method of 
the theory of disturbances which is developed 
in the following section, 


2. THE THEORY OF DISTURBANCE FOR THE 
ANALYSIS OF MAGNETIC RESONANCE ABSORPTION 


Let the system of magnetic moments be acted 
upon by a periodic magnetic field h B(*) 

(R= x, y, 2) Of radio-wave emissicn frequency 
@. The absorption of emission energy is 
characterised in substance by the imaginary 
part of the tensor of complex susceptibility 
Y%es, which is defined by the relation 


M, (t)— MS = — (0 (0) 
B 


where Mg (t) is the projection of the sample’s 
magnetic moment at am instant of time ¢ and 
M¢ is the equilibrium magnetization of the 
sample. According to Kubo and Tomita’s [1] 
general quantum-statistical theory 723 is 
determined as a Fourier-component from the 
derived relaxation function Gq B » 


() — (0) = “dt, (2.2) 


0 


which can be expressed by the dynamic operators 


of the system 


[M. (¢), Mp] . (2. 3) 


at h 


Here Ma is the operator of the sample’ s mag- 
netic moment, Malt ) is the same operator in 
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a Heisenberg presentation 


A i A 


M(t) = ™ (2, 4) 


fi is the Hamiltonian of the system and Geeed 
from each operator A signifies 


(...) =Sp Ay/Spe-; [A, = AB BA. 


If the Hamiltonian # can be broken down 
into two parts H = H, + H’ and H’ can be con- 
sidered as a disturbance, then it is easy to 
develop Mg (t) by the powers of this distur- 
bance: 


M, (t) = Me () + dt, { dty... at 
n=! 


0 


(ME), A’ (2,5) 


(26) 


i i 
H’(t)=e® 


Substituting this in (2,3) the relaxation 
function can be developed by the powers of 
H'. 

We shall use this scheme to calculate the 
susceptibility of a crystalline dielectric 
with spins of the value s in its nodes, if it 
is placed in a constant field H, sensed along 
the axis z. Ignoring other forms of spin 
interaction except exchange and dipole-dipole 
interaction we put the Hamiltonian of the 
spins’ system in the form 


H, =H, +H,; H = H, = 
(2.7) 
i 


22 
H’ = rie (rjxS;S, — 3 (Sj (S, 

(2. 8) 
Formally we shall consider the dipole-dipole 
interaction H’ as a disturbance. In future 
it will be convenient to write # ‘ in the 
form: 


[#k 


(2. 9) 
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=Sj + 


(2. 9) 
contd. 
iS}; 


(jk) 1 + S3S2; (jk) = Sf 


0 
Dip = ——* (827, — ri.): Pj, = 


3g? 
(X jx x iy ;,)?. 


Such a break-down of the disturbance is more 
natural as it amplifies the laws of selection 
for the matrix elements. 

Let us consider further an emission polari- 
zed along an axis x so that it is sufficient 


to calculate one component only of the tensor 


x 
The operator of the magnetic moment i, is 


expressed through the operator of the sum 
spin of the crystal S, in the form 

= £p,Sx = (S* )- (2. 10) 
In order to use (2.3) it is necessary to 
express the operators ut and H’ in a Heisen- 
berg presentation (with the Hamiltonian #,). 
This task is simply solved if the inverse 
relations for the spin operator are used and 
the two evident equalities noted; 


|H,, H,] = 0; [H,, S,] = 0. 
Thus we obtain: 
MS (t) gug(St + 


(2. 11) 


Hitt) =e"! Wy, Hle 
(2.18) 


Substituting (2.12) and (2.14) in (2.5) and 
(2.3) we find for the first of these approxi- 


mations of the values 
at at 


expressions: 


br \* —iw (2. 14) 
ore 


dt 


(LE* + + 


t ty 
2 —iw 


as 0 0 


(2. 16) 


Here for the sake of brevity tke symbols are 
introduced: 


(2. 17) 


(t) = (fe* Hile + 


(2. 18) 
Simplification in (2,16) is possible by in- 
tegrating clearly on a single variable. If 
one proceeds from the variables ty and t, to 
to the new ones t = ¢, — f, and y = ft, + fo, then 
instead of the double integrals of the follow- 
ing form come in: 


t 
Fas (t) = | + 
0 


(t) + Zee (2) de 


t 
Das (t) = ( 


t 


(2, 20) 


through them the expression (2,16) is defined 
as follows 


— 


dt (2.21) 
+ 
, (@ + t 


8 
(2. 15) 
+ 
8 
ag’) 
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—2 


contd. 


The commutators entering into (2.17) and (2. 18) 
can be calculated for all the values of a: 


He] = C_. 
jk 


(2. 22) 
(St, Hi] = —C, 
fe 


[[S*, =—C. Cay 
ik 
St, Hil, = C. (ikl 
fk 


C_y=2; =—4; C, = Cy = 


All the relations obtained at this point have 
@ general character and are true for both 
ferromagnetic crystals and paramagnetic and 
anti-ferromagnetic crystals etc. as well. 
Further calculation requires concretization 
of the type of system under study. Before 
proceeding to a ferromagnetic we shall first 
consider some general properties of various 


approximations of the function -4 3 


It is easily seen from (2.2) that the zero 
approximation determines the spectrum of the 
resonance frequencies. For the system under 
study with exchange and dipole-dipole inter- 
action it will cotain one frequency @.- 

The zero approximation does not give a finite 
width of the absorption line (the line has a 
b-form character). Satellite lines appear in 
the second approximation with frequencies 
divisible by w, (the last term from (2,21)). 
However, their intensity is low compared with 
that of the basic frequency. 

Collecting all the terms at the basic 
frequency in the first three approximations 
we obtain some function of time in the form 
of a polynome on ¢ starting from unity, With- 


out calculating the higher terms of - 


we can consider the polynome thus obtained as 
a development of some function y (t) by 
powers of t. We shall now consider that the 


full function equals 


dt 


\ 


The expression e“’) describes the process of 

the system’s relaxation in time and it must 

move strongly towards nil when f¢ + oo. It is 
clear that calculation of x” by (2.2) must 

lead to an absorption line of finite width. 

Thus the task of the specific calculation 


comes down to finding the function p(t) by 


the first few approximations of the value = 


The properties of the function pre ) determine 
the form and width of the absorption line. 


3. THE EFFECT OF A SECULAR DISTURBANCE 


Now we shal] examine a ferromagnetic with 
the indicated forms of spin interaction close 
to saturation, In this case one can proceed 
from the operators of the spin S. to a new 
dynamic exchange — Bose-amplitudes 10 6 fh 


= 280, 8, = VSO}; = 
(3. 1) 


Introducing their Fourier forms we find that 
the exchange operator is represented diagon- 


ally 
H = Be; 2S ag 2 


(3. 2) 


where J is the exchange integral between 
immediate neighbours; a is the lattice 
constant, g the quasi- impulse, 

The following approximation consists in our 
ignoring the influence of the dipole-dipole 
disturbance terms on the function of spin 
wave distribution i.e, we shall consider that 


+3 + hw, 
(3. 3) 
This is possible if excessively low tempera- 
ture cases are ignored and one starts from 
several degrees K and above. At lower ten- 
peratures one would have to consider 
Holstein’s and Primakoff’s [10] spin wave 
spectrum taking dipole-dipole disturbance 
into account, 
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Using (3.1) it can be determined that 
averaged as canonically accepted the terms of 
dipole-dipole interaction <H’>, equal zero 
when =+1,+2. but when 

a=0 (Hy) N 
where M, is saturation magnetization. 

This shows that at low temperatures a; in 
ferromagnetics is not at all small but fully 
comparable with the Zeeman energy of a system 
of moments in an external field ~WNu»,H, 
and, therefore, the term can not be considered 
as a disturbance. In line with [1] we shall 
call the term #; a secular disturbance and 
the terms H,’ with a #0 non-secular distur- 
bances, The term H/ is connected with static 
demagnetizing fields and the non-secular terms 
cause in the system transitions with a change 
in the magnetic quantum number to a value of 
a=+1,+2. In this section we shall only 
consider the secular term, Not being able to 
consider it as a smal] disturbance we shall 
modify the calculation plan developed in the 
preceeding section, First of all we note that 
in the spin waves approximation 


(H., Ho] =0. 
Regarding this as approximated we shall 
calculate the value — “ for the secular 


term directly from (2.2) without devel] oping 
it in series by the powers of H’. Using the 
inverse relations for the spin operator and 
keeping (2.11) and (3.4) in mind we find 


(3. 4) 


— 46, 
dt 


H 
etH,+H) ¢ 


(H.+H, +H 


The expression standing in the exponent under 
the spur sign is now really small at low 
temperatures because 


Yin, 


therefore, we can develop the exponent in 
series, Then 


2 


3t aby (Si—S)S*, + 
k 


k 
+ + kK. ¢. 


The separate terms in the braces can be 
calculated by development (3.1). Taking out 
the first term behind the bracket we obtain 
a square polynome on ¢ starting from unity. 
We shall consider that it represents the 
first terms of the development of some 
function e¥(t) in series on t. Dropping all 
the conversions the last expression can be 
expressed in the form 


8182 


+ (nm )), 


( ng 


2 2 
20h 
p h 
Here M is the magnet izat ion at a given tem- 
perature, 
The last sum can easily be calculated for a 
cubic crystal with a transition to integra- 
tion fio]. 


10 
dt A 
i 2 
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8 
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4k. c. 
We shall write the last expression in the 
form 
i a 
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where n ; is the projection of the normal to 
the outer surface of the samples. The first 
term D of (3.8) represents Lorenz’ field and 
the second is the demagnetizing factor at the 
surface in the direction z-N,. Therefore, 
(3.7) for resonance frequency can be written 
in the form 


Wp [H+ (2— a On 


We shall always consider the samples in the 
form of a solid of revolution with the sense 
of the constant magnetic field along the axis 
of revolution (axis z). In the next section 
we shal] show that for this case the non- 
secular terms do not lead to an actual shift 
in the resonance frequency and therefore, 
(3.9) is Kitel’s formula for a body of 
revolution when 


Ny = Ny = 


Substituting (3.5) in (2.2) we shall define 
the contribution of the secular part of the 
disturbance to X¥”. Integrating we find that 
close to resonance frequency 


” 2 2 
2 hoy 


i.e. the absorption line has a gauss form 
with width ~ 95, 

And so the secular part of dipole-dipole 
interaction plays an important role in ferro- 
magnetic resonance. It leads to Kittel’s 
shift in frequency, creating the demagnetiz- 
ing field on the surface of the sample, In 
addition, thanks to the presence of thermal 
fluctuations, the secular interaction leads 
to non-uniform local demagnetizing fields, 
causing the line to widen, At O%K i.e. 
complete ferromagnetic order, this widening 
is zero. 


4. THE EFFECT OF NON-SECULAR TERMS 
We have already pointed out that the non- 


secular terms can be examined by the theory 
of disturbances developed in section 2, The 
values of Zz; must be calculated for this. 
In a spin wave approximation they will con- 
tain the operators: 
b(t) =e" “be 
g 
1 


e..7 


=e © =e" bt. 

therefore, the time part in Z7; is separated 
at once, The expressions independent of time 
are the commutators from various products of 
Bose operators and many of them disappear 
when the spur is taken. 

It is easily seen from (2.18) and (2, 22) 
that 


Ze (t=) =0, 2 +840; = 
= 0, a+ 68 


Moreover, if the remaining terms of Z}*+ are 
calculated it is not difficult to ascertain 
that they are all equal to zero because they 
contain the sums 


. (Xp + iyy)* 


5 
p "p p 


equalling zero for a body of revolution, 
=18S9N (4.2) 
P 


2s— 

h 


i 
(t)= 32S*Y (1 +2¢n-)) *e 


where, 


2 

ie_, 
P g 


P 


2 
y —i2e- 
a & 


Dp 


6» and ¢; are the polar and azimuth angles 
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of the wave vector %. 

(2,21) is now extraordinarily simplified 
and if the secular term is rejected from it 
for the non-secular term we have 


(4. 5) 


How can the secular term which can not be 
considered as a disturbance be included in 
this scheme? We note that in the second 
approximation the secular term is not confused 
with the non-secular (see (4.3)), therefore, 
formally calculating the whole series of the 
theory of disturbances for the secular term 
then summarizing it, we can account the 
secular term effect together with the non- 
secular. 

For this we shall write the whole series of 
the theory of disturbances for secular inter- 
action 


Me] > + 


t ‘n= 
| dt, - 


n=| 0 0 


(4. 6) 


A A 
| (t), (t,)|, H'(t,)|, M,| ) 


In the spin wave approximation 


+ ote) 


MS (t) = (2SN)" (by 


b,, Ho(é)| =—38 + (4.8) 


Substituting (4.7) in (4.6) we obtain 


Calculating the n-fold commutator with (4.8) 


Ho(t,)|, 63] K. C. 


p 


(4.9) 
contd. 


—iw f+i3S Yo 
; 2 > p 
+ kK. c. = 


/ 


+k 


The last expression coincides exactly with 
(3.5) for 7=0°K, when go, =0. If we calcu- 
late the higher terms of the development of 
(4.7) and (4.8) we should obtain in (4,9) 
terms dependent on temperature but it is not 
necessary to do this as it has already been 
done when (3.5) was obtained. Here we showed, 
summarizing the whole series of the theory of 
disturbances for a secular disturbance that 
the secular effect acts together with the 
non-secular described by (4.5). 

Thus summarizing our results one can write 


aG { (1) + +k. (4. 10) 


hi 


(4.11) can be calculated with (2.22), (4.3), 
(4.4) and (3.6). In the sums on the wave 
vectors of g’ it is necessary for this to 
proceed from summarization to integration, 
After substituting the variables in the in- 
tegrals so obtained, which are typical for 
Bose statistics, the expression for ¥(t) can 
be approximately presented in the form 


(4. 12) 


¥(t) = —— off? — — + 


(4, 13) 


/ aT 
a® 


Here C is some numerical] constant of the tenth 


(4. 14) 


power, a) = 2,61... —§ is Riman’s function; 


8 
0 


15 


(4. 15) 


volt 


12 
— 
VOL 
dt where, 195 
2 h? S? 
(4. 11) 
where, 
dt h 2 (4.9) 
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(4. 15) 


)=( ax 
y (4. 16) 
This integral is calculated in the appendix. 


For us its essentially asymptotic behaviour 
at low t 


(4, 17) 


Taking only the part of (4.17) dependent on 
time we obtain from (4. 15) 


(4. 18) 
As can be seen from (2, 12)-(2. 14), wo (t) 
is the value of #(t) at absolute zero, 
On the basis of (2.2) and (4.10) we find 
that at zero temperature 


(4. 19) 
An integral of such a type can be expressed 
through an integral of probabilities; 


K (b, x) fe" t+ixt dt 
0 


2V —ix 


For it the following asymptotic estimations 
are obtained 


K(b, 3!— 
(4. 21) 


K (6, x) 4 ii + i +..., x> od. (4 ) 


As K(b, —x) = K* (6, x), ReK(6, x) is an 
even function of x, therefore, (4.19) deter- 
mines a line, symmetrical relative to the 
centre. Its form is determined by (4.20) for 
X= @—@po. We have a complex non-analytic 
dependence from wo —@, but it determines a 
sharp resonance peak, On the wings the curve 


falls according to the lawX” ~|/wo —@|—*/2 and 
(w,—«)? 5! 
that is 
near the centre it has a Lorenz character but 
on the wings falls more sharply than the 
Lorenz curve, It is useful to note that a 
gauss curve is obtained when W(t) is propor- 
tional to -t?, a Lorenz curve if »(t)~—4, 
our curve is obtained when p(t) ~—/t. 

It is easy to see that the width (A»)r-o of 
the curve (4.20) is proportional to 6%, i.e. 


near the centre X” ~ 1— 


(4. 23) 


D 

where, D= §*,?/a® the dipole-dipole energy 
of two neighbouring spins, As far as D/J 
~ 1073 the width of the line at zero tempera- 
ture on account of dipole-dipole interaction 
appears very small even if finite. This is 
the ‘‘zero oscillations” effect assessed by 
Keffer [6]. 

Ignoring this zero width we leave only the 
first two terms in (4.12). Then xX” is 
expressed by (3.10), only instead of oy one 
must write 


(4. 24) 


The first term of this expression (4,13) is 
conditioned by secular interaction, the sec- 
ond (4.14) by mon-secular interaction. We 
see that at low temperatures (kT< J) the 
term °? is predominant. As far as the line 
form is gaussian the expression g? is 
exactly the second moment of the absorption 
line, The lines width according to (4.14) is 


D kT 


It is useful to compare this result with 
the cases of a paramagnetic in which the line 
width is inversely proportional] to the ex- 
change integral. (4.25) demonstrates the 


exchange reduction effect for ferromagnetics. 
For paramagnetics account of the non-secular 
terms increases the line width '°/3 times (the 
so called '°/;effect). (4.13) and (4.14) 
show that in the case of a ferromagnetic the 
contribution from non-secular interaction is 
definitive. The line width can be assessed 
easily from (4.25). Thus, for example, at 


10° K Aw which makes approximately 


100 oersteds. 

Therefore, dipole-dipole interaction pl ays 
an important role in ferromagnetic resonance, 
producing, at first a Kittel] shift in fre- 
quency and widening the absorption line to 
hundreds of oersteds at low temperatures. 
However, other interaction mechanisms have to 
be considered to explain the line’s great 
width at low temperatures. 

As Clogston and others [9] showed, in 
ferrites distributions of spin waves on natural 
non-uniformities in the lattice’s magnetic 
structure are such interactions, Apparently 
conductance electrons play an important role 
for metallic ferromagnetics. 

I express my gratitude to E,A, Turov for 
having shown the necessity of discussing the 
problem and for his advice during the work 
and also to L.A. Kobelev, A A, Kobin and 
G.\V. Skrotskii for their discussion of the 
results, 


APPENDIX 


Let us calculate the integral 


(a, n= f dest 
J (x? + a)? Ot da 


For the subsidiary integral 


dy 
x2+a 


(A. 2) 


it is not difficult to compose the differen- 
tial equation 
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(A. 3) 
the solution of which is 


J(t)= (Y —iat)}; (x) = 
2)/2 
(A. 4) 
2 
Substituting this expression in (A,1) and 
differentiating on the parameters we find 
4Va 
(A. 5) 
—iat )] — 


The integral of probability $(x) from a 
complex variable can be expressed if desired 
through Frenel’s integrals from a material 
variable 


—iat ) = V —24 [C (at) + iS (at). 
(A. 6) 


For af < 1 it is easy to obtain an asymptotic 
development of the integral 


I (2, t) — —iat — i3at + 
4Va 
(A.7) 
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METALLURGY IN THE CHINESE PEOPLES' REPUBLIC 
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(Received 8 October 1959) 


There has been much development in physics 
of metals and physical metallurgy in China 
since the time of the formation of the Chinese 
Peoples’ Republic in 1949, 

Before the liberation there were in China 
only a few scientific workers, who were work- 
ing on the electronic theory of metals and 
the statistical theory of ordering of solid 
solutions, 

Now under the leadership of the Chinese 
Communist Party investigations have been 
started in different fields and much has been 
done, particularly after the great leap for- 
ward in 1958. 

In the present article an attempt has been 
made to describe briefly the work done in 
China during the last ten years, 

In the period of establishment of the 
national economy and in the initial period of 
the first five-year plan, the attention of 
Chinese workers in metal physics and metal- 
lurgy was directed largely to the creation of 
teams of scientific investigators and to the 
solution of the then current problems of 
industry. 

Large-scale scientific investigations have 
begun only since 1954-55. This work may be 
conveniently grouped as follows: 

1. Physics of strength and plastic deforma- 

tion of metals 

2. Internal friction and diffusion 

3. Phase transitions 

4. Theory of metals and alloys, 


* Fiz. metal. metalloved., 8, No.6, 820-828, 1959. 


1. PHYSICS OF STRENGTH AND PLASTIC 
DEFORMATION OF METALS 


The greater part of the work carried out in 
this field was concerned with the problems of 
fabrication of alloys for use at high tem- 
peratures. The efforts of the whole collec- 
tive of the faculty of metal physics at 
Gilin University were directed towards the 
study of the various properties of a range of 
tungsten ferrite steels [1], including 
physical properties, resistance to oxidation, 
fatigue, wear, and erosion, These investiga- 
tions showed that addition of 3-5% tungsten 
in steel increases its modulus of rigidity, 
particularly at high temperatures, Kou Chen- 
Chuan and his co-workers [2] found that the 
energy of activation for viscous flow at the 
grain boundaries in iron was increased on 
addition of tungsten as an alloying element, 
This series of studies was begun by M.G, 
Morozovyi, who was consultant to the Univer- 
sity’s faculty of metal physics in 1956-1958. 
Wider investigations in this direction were 
begun in other scientific research establish- 
ments to find the best compositions of fer- 
rite heat-resisting steels for practical use. 

Attempting to make new austenite heat- 
resisting steels, scientific workers of the 
department of metal physics at the Peking 
Institute of ferrous metallurgy, and other 
research institutes investigated the effect 
of addition of other alloying elements on the 
heat-resisting properties of austenite chrome- 
manganese steels, 

The effect of the o-phase in stainless 
steel of type 18-8 with 3% molybdenum and 1% 

titanium was studied by Li Yo-ko and Chuang 
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Yu-chi [8], who observed that the presence of 
the o-phase lowered the creep resistance at 
560-680°C, 

By a torsional pendulum method, Ke Ting-sui 
and Kung Chin-pin [4] investigated the effect 
of carbon on creep at grain boundaries in 
iron, and observed that traces of carbon of 
the order of 0.00004% increased the creep 
resistance of iron, the effect becoming more 
pronounced with increase in carbon content, 
These results were interpreted on the basis of 
a theory of grain boundary structure proposed 
by 

Tsien Lin-chao, Hou Shou-an and Yang Ta-yu 
[5-7] carried out electron microscope studies 
of the slip process in single crystals, It 
was noted that in a single crystal of techni- 
cally pure aluminium the size of the deforma- 
tion due to each slip line was comparatively 
great, and that the slip line consisted of 
layers with a relative deformation of the 
order of 200 and 2000 & in the same specimen, 

The same authors have also studied the 
effect of preliminary local deformation on the 
plastic flow of single crystals of aluminium, 
Tsien Lin-chao, Yang Ta-yu and L.I. Vasiliev 
[8] (who was consultant to the department of 
metal state physics at Peking University, and 
is now working in Tomsk State University), 
having determined the effect of deformation 
at one temperature on the development of slip 
lines at another temperature, showed that there 
does not exist a mechanical equation of state 
in metals, 

They found that previous deformation at 
-180°C accompanied by deformation at a higher 
temperature generated wavy slip lines, made 
up of parallel sections of slip lines connected 
by transverse sections, which on close examina- 
tion were found to consist of groups of fine 
parallel slip lines, bent slip lines, or 
transverse slips. 

The authors have suggested that deformation 
in the transverse sections occurs as a result 
of stress concentrations when two series of 
parallel] slip lines come together in the pro- 
cess of development, 

The effect of impurities and ordering on 
plastic deformation has been studied. Workers 
at the Department of Metal Physics of Peking 
University [9] have investigated the effect of 
ordering on plastic deformation of polycrys- 
talline Cu, Au and have shown that for a defor- 


mation rate of lmm/hr the disordered alloy 
has a jagged extension curve at room tempera- 
ture, like the extension curve of mild steel] 
in the blue brittle region. Tsien Lin-chao 
and Liu Min-chi [10] observed that impurities 
in tin markedly lower the amount of micro- 
creep and cause strengthening connected with 
the microcreep process, Specimens are not 
able to attain their initial characteristics 
by relaxation for several hours after the 
microcreep experiments, as distinct from the 
case of tin purified by zone melting or 
high-purity zinc, which was studied earlier 
by Chalmers [11]. 

Ke Ting-sui and his co-workers [12] have 
observed that internal friction in deformed 
irom, copper, and aluminium sharply increases 
immediately before the elastic limit is 
reached; when there is a well expressed 
creep strength, as in low-carbon iron, inter- 
nal friction remains constant during exten- 
sion. 

The effect of rate of deformation and 
annealing after deformation at room ard 
elevated temperatures on interna] friction in 
deformed copper and aluminium has also been 
studied [13]. 

Using the back reflection method and 
accurately focused X-rays, some investigators 
have studied the formation of sub-structure 
in aluminium during deformation at room tem- 
perature or during annealing after deformation 
[14-18]. It was concluded that the substruc- 
ture is formed in the course of the plastic 
deformation, and not as a result of polygoni- 
zation caused by creeping of dislocations, 
The presence of grain boundaries promotes 
fragmentation of the grains. 

Texture in copper, aluminium, and in pure 
and siliceous iron with various silicon con- 
tents has been investigated [19-24]. Sheet 
siliceous iron with Goss texture was obtained 
by Chen Neng-Kuan, Tai Li-chi and their co- 
workers, and with a cubic texture by Chou 
Ban-sin, Wang Wei-ming and Chen Neng-kuan, 
who studied the mechanism of formation of 
cubic annealing texture and expressed the 
opinion that the theory of orientated growth 
of recrystallization nuclei is in best agree- 
ment with their experimental results, Yen 
Ming-kao and his co-workers [23-24] have 
studied the recrystallization texture of 
copper and aluminium, It was found that 
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sheet copper, with the ordinary well-knowm 
rolling texture after reduction by 90%, gave 
on low-temperature annealing the textures 
(100) [001], (358) [352], and (122) [212], 
grains with the orientation (100) [001] being 
formed in the first instance, Increasing the 
annealing temperature decreased the number of 
grains with the texture (358) [352] and in- 
creased the texture (100) [001]. The pure 
texture (100) (001) was obtained when the 
annealing temperature reached 900°C, The 
authors have suggested that cubic texture is 
obtained from recrystallization in situ and 
from selective growth of nuclei, Tai Lin-chi 
and co-workers [25,26] have investigated the 
formation conditions of cubic texture in 50% 


nickel Permalloy. 


2. INTERNAL FRICTION AND DIFFUSION 


Investigations of internal friction in 
metals and alloys have been carried out in 
connexion with many problems, including dif- 
fusion, plastic deformation, phase transitions 
and so on. Of special interest is the work on 
internal friction due to the diffusion of 
carbon in the face-centred cubic lattice of 
iron or nickel [28-34]. Finkelshtein and 
Rozin [27] observed an internal friction peak 
in austenite stainless steel with 25% Cr, 0% 
Ni and 0.3% C at 300°C and at a frequency of 
of 1 c/s. The phenomenon was systematically 
investigated by Ké and his colleagues in type 
18-8 stainless steel containing 2. 6% Mo and 
0.80% Ti, in iron-manganese alloys containing 
18.5 to 36% Mn, in an iron-manganese-nickel 
alloy with 12% Mm and 4% Ni, in an iron- 
manganese-nickel-chromium alloy with 9.5% Mn, 
8% Ni and 3% Cr, in pure nickel (99.8%) and in 
a nickel alloy containing 2% Al, 2% Mm and 1% 
Si. They have shown convincingly that an 
internal friction peak can be observed in 
face-centred cubic austenite or nickel lat- 
tices when carbon is present and that the peak 
is caused by the micro-diffusion of carbon. 

The energy of activation of carbon diffusion, 
calculated from the temperature dependance of 
the internal friction peak, turns out to be 
the same as the energy of activation deter- 
mined by macroscopic methods; the diffusion 
constants at 230-250°C, determined macro- 
scopically at 1000-1200°C, They found also 
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also that the height of the internal friction 
peak is proportional to the carbon content, 
and very slightly decreases with increasing 
manganese content. It is well-known that the 
carbon atoms are disposed in the holes in the 
austenite or nickel lattice. Due to the 
symmetry of the holes in a face-created cubic 
lattice, internal friction is not observed if 
the carbon atoms are situated singly in the 
lattice. In calculation of the internal 
friction peak observed, Ke Ting-sui and 

Tsien Chi-chiang (30) assumed that in the 
alloyed steel the carbon atom forms a pair 
with an atom of the alloying element and that 
the internal friction peak appears as a con- 
sequence of the reorientation of such a pair 
under the action of an applied external 
stress. In nickel or low-alloyed steel the 
carbon atom forms a pair with a vacant lat- 
tice site, which gives the same effect as 
that if the vacant site was replaced by an 
atom of the alloying element. 

Another mechanism was proposed by Chen and 
his co-workers [32,35,36). Chen Kai-cha 
earlier proposed an internal] friction theory 
based on general] thermodynamic theory of 
irreversible processes and the Boltzmann 
superposition principle. Applying the theory 
to the diffusion of carbon in a face-centred 
cubic lattice, Chen found that the intensity 
of internal friction must be proportional to 
the concentration of intersticial carbon and 
must essentially depend on the concentration 
of the alloying element, The latter conclu- 
sion does not agree with Ke’s observations, 

Chen showed that here another mechanism 
must apply, namely, the following: the 
carbon atom is situated in a vacant site and 
forms a pair with another carbon atom situa- 
ted in a vacant site and forms a pair with 
another carbon atom situated in a hole close 
to the occupied vacancy. The height of the 
internal friction peak created in this way 
must be proportional to Ne2/B 4 ¢ where N is 
the vacancy concentration, ¢ is the concen- 
tration of atoms in interstices and B is a 
constant, This second mechanism was applied 
by Wu Tsu-liang and Wang Chi-min to the 
interpretation of the results of their 
internal friction investigations in the 
series of iron-nickel] alloys containing 19 to 
75% nickel. These authors found that the 
height of the internal friction peak increases 
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with increase in carbon content and is propor- 
tional to it if it exceeds 0.2% For a given 
carbon content the height of the internal 
friction peak increases with the nickel con- 
tent. In an alloy with 50% nickel the height 
of the peak also increases with increase in 
quenching temperature (900-1200°C); this 
effect is explained as a result of increasing 
numbers of vacancies. In another paper Tsien 
Chi-chiang [34] suggested that the appearance 
of internal friction is a result of formation 
of pairs of carbon atoms in the interstices, 

An internal friction peak due to the presence 
of carbon and an alloying element was also 
observed by Ke and his colleagues [87,38] in 
alloyed martensite, 

The peak appears at 156°C and at a frequency 
of 2 c/s. The authors have deduced that the 
atom of carbon are situated at the (00%) 
position in the martensite lattice, but due to 
distortions caused by the atoms of the alloy- 
ing element, the carbon atom, under the 
action of the external stresses, changes its 
position between two iron atoms to a position 
between an atom of iron and an atom of the 
alloying element, creating thereby an internal 
friction peak. 

Ke and his colleagues also showed [39] that 
in the region of 0.001-0.017% carbon and 
0.002-0.03% nitrogen their concentration does 
not affect the rate of their diffusion. Addi- 
tion of manganese (0.23%) and silicon (0. 13%) 
weakly affects the diffusion of nitrogen. 
Manganese hastens the separation of nitrides, 

The interna] friction method was applied by 
Wang Yeh-ning and Chu Chiang-chung [40,41] to 
the study of the martensite transformation in 
ferromanganese and copper — aluminium alloys, 
They noted that internal friction increases 
during the direct and reverse martensite 
transformations the internal friction peak 
disappears if the transformation stops (if 
the temperature remains constant). The 
authors conclude that internal friction is 
created by the interaction of an applied 
external stress with non-uniformities caused 
by the changes in relative quantities of the 
two phases, having different constants of 
elasticity. 


3. THE KINETICS OF PHASE TRANSFORMATIONS 
Studies in this field were concerned 


mainly with transformations in steel. Li 
Ling and his co-workers [42-45] investigated 
the effect of boron on the hardenability of 
steel, in relation to carbon content and 
austenitization temperature. The effect of 
boron was also investigated on the rate of 
generation and growth of pearlite. They 
found that in chromium-manganese-silicon 
steel with 0.27%C an increase in hardenability 
when boron was present was caused by an 
increase in the period of incubation of 
hypoeutectic ferrite and perlite. In hypoeu- 
tectic and eutectic steels boron affects 
slightly the rate of generation of perlite at 
650-700°c; the rate increases with increasing 
time of standing, but in the period after the 
the beginning of the reaction there is a 
small difference in generation rates in steel 
with boron and without boron, The rate of 
growth of perlite in the temperature region 
given, almost doubles when boron is present, 
as a result of which, in spite of the more 
lengthy incubation period in steels contain- 
ing boron, the completion time of the trans- 
formation in steels with boron and without is 
little different. 

The authors also observed that in boron 
steel with a sufficiently high titanium con- 
tent for the combining of nitrogen, an 
increase in size of austenite grains caused 
by an increase in austenitization temperature 
does not lead to an increase in hardenability, 
as is normally the case for steels without 
boron. In steels without titanium an increase 
in quenching temperature lowers the harden- 
ability of boron steel right up to 1200°C, 
when the hardenability is the same for boron 
steel and steel without boron, This indicates 
that presence of boron lowers the action of 
the surface energy of grain boundaries in 
generation of perlite, The nature of car- 
bides in alloyed steels and their transfor- 
mation has been extensively studied by Ko Ke- 
hsin [46,47]. 

The distribution of the alloying elements 
in perlite in its formation in alloyed steel 
has been investigated by Chang Pei-lin and 
his co-workers [48] in chrome steels. They 
observed that the type and composition of 
carbides formed initially in the perlite 
transformation depend on the ratio of concen- 
trations of chromium and carbon in the aus- 
tenite and are not fixed by the equilibrium 
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diagram, If the atomic ratio Cr:C is equal to 
2:1, then initially cementite separates from 
the austenite; if this ratio changes from 2:1 
to 13:1, then (Cr, Fe) ,C, separates; if this 
ratio exceeds 13:1, (Cr, Fe) o3Cg separates, 

Ko Tsun, continuing his work on the mecha- 
nism of the bainite transformation, has shown 
together with his colleagues [49,50] that the 
well-known Widmanstatten structure of alpha- 
iron in coarse-grained hypoeutectic carbon 
steel arises by way of a bainite transforma- 
tion; during the transformation carbon 
diffuses from the bainite into the austenite. 
The authors further show that the bainite 
transformation can take place between the 
points Ay and Ag. 

Tsi Tseng-fon has observed that in 55-S-2 
steel the bainite transformation is accelera- 
ted by the presence of a small quantity of 
martensite, and slowed down if the amount of 
martensite becomes large [51]. 

The mechanism of the transformation of 
residual austenite in high-speed cutting steel 
into martensite, after tempering at 500-560°C, 
was studied by Ko Tsun, Hsu Tsu-yao, and their 
comrades in the Peking Institute of Ferrous 
Metallurgy. Ko considers that ‘‘conditioning”, 
that is the transformation of residual austen- 
ite in high-speed cutting steel after temper- 
ing, is the reverse effect to the mechanical 
and thermal stabilization which goes on in 
the initial period of formation of martensite. 
Ko Tsun and Chen Mengtse [52] showed that the 
transformation in martensite after tempering 
may be obviated by stabilization treatment at 
a temperature a little higher than that at 
which austenite transforms into martensite in 
the absence of this treatment. But the effect 
of stabilization can be eliminated if the 
steel is reheated to the tempering temperature, 
Such a process can be repeated up to seven 
times, 

Hsu and others [53-55] have recently shown 
that residual austenite in high-speed cutting 
steel has a critical temperature, above which 
‘conditioning’ or destabilization occurs, 
while below it stabilization takes place, 
each of these two processes being the reverse 
of the other. 

Chang Pei-lin and Chu Sui-chang have studied 
residual austenite in hardened ball-bearing 
steel] below the point M,, and believe that 
isothermal transformation of the residual 


austenite into martensite takes place [56]. 
The amount of residual austenite in high- 
strength structural steels increases with the 
size of the article made from the steel, due 

to the stabilization effect, caused by de- 
crease in rate of cooling. The austenite 
transforms into martensite during use, caus- 
ing brittleness in the steel. Sze Chang-hsu 
[57] found that silicon (1.5%) appreciably 
lowered the rate of decay of austenite, on 
tempering between 100 and 400°C, in low- 
carbon high-strength steel, 

Chou Chih-hung continued his investigation 
of the martensite structure of iron and carbon- 
iron alloys and linked up the nature and 
mechanism of formation of the Widmanstatten 
structure [58]. 

The decay of delta-ferrite in molybdenum and 
titanium stainless steel was studied by Chuang 
Yu-chi and his co-workers [59-61]. They sys- 
tematically studied the mechanism and products 
of decay at various temperatures (500-950°C). 8 
The kinetics of the processes of ordering and 
disordering were studied by Sze Shih-yuan and 
his colleagues [62-64]. They came to the 
conclusion that the formation of anti-phase 
domains is a process of generation and growth 
brought about by the diffusion of vacant 
lattice sites, 

The rate of regrouping of atoms from a 
disordered to an ordered state depends on two 
opposing factors; the rate of diffusion and 
the difference in free energy of the two 

1 
phases, which is proportional to 
where T, is the Curie ordering temperature, 
They have shown experimentally that there is 
a temperature at which the transformation 
rate is a maximum, as follows from their 
theory. 


4. THEORY OF METALS AND ALLOYS 


In studying the formation conditions of 
phases in ternary systems, Lu Hsueh-shan and 
Chang Tsung [6] observed that in the Al-Cu- 
Ni system the t-phase undergoes a systematic 
structural change in the single-phase region, 
contrary to the normal assumption in inter- 
metallic phases, characterized by a definite 
type of crystalline structure, In the given 
case there were structures of the defect 
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lattice type, each of which could be built up 
from rhombohedral structural elements. From 
a Hume-Rothery valency estimation one may 
consider that the average number of valency 
electrons in a structural element remains 
constant over the single-phase region, while 
the electron concentration changes with com- 
position. The authors cmsider that for 
alloys in which there is no change in the 
unit cell, the average number of electrons in 
the structure element is equivalent to the 
number of electrons in a unit cell, and for 
intermetallic phases without defects it is 
effectively equivalent to the electron con- 
centration. In studies of alloys of the 
silver-gold-zinc system with 50% zinc, Liu 
Yi-huan [66] and his co-workers observed a 
AgAuZn5 phase; they found that this phase 
had the same structure as Heusler alloys, 

The formation of the intermediate phases in 
the region 0-50% gold of the above system 
followed the Hume-Rothery rule, 

Chang Chung-sui, Wang Tei-mi and Hsu Hong- 
chang (67,68) carried out investigations on 
the statistical theory of solid solutions, 
They have proposed a new method of determina- 
tion of the configurational free energy of 
solid solutions, which is simpler, more 
reliable, and at the same time is of wider 
application, than previous methods, The new 
method was applied to the case of formation 
of superstructure in a face-centred cubic 
lattice; the change in degree of ordering 
and the latent heat of solid solution were 
calcul ated. 

In investigations of the theory of spectra 
of crystal lattices, Chen Kai-cha has obtained 
a genera] proof of the theorem of possible 
presentation of the upper Brillouin zone by 
transposition of fragments of the zone. They 
have shown that this theorem must be accurate 
in the following manner. All the upper 
Brillouin zones may be accurately represented 
in the first Brillouin zone by a definite 
section of the zone fragments with the trans- 
positions belonging to them, The Thomas-Fermi 
and Slater methods were used by Chen Kai-cha 
(70) in calculation of the bond energies and 
interatomic distances in metals, and he con- 
cluded that an electron on the surface of a 
sphere in the Seitz cell method on the average 
has a potential energy equal to -e2/R, and 


not equal to zero, as was suggested by Slater © 


and Crutter [7i). With this boundary con- 
dition, the total energy, determined by 
numerical integration, as a function of inter- 
atomic distance has a minimum, a result which 
could not be obtained from Slater and Crutter’s 
calculation, Calculated interatomic distances 
agree well with observations for multivalent 
heavy elements, but are not in agreement for 
light monovalent elements, 

From the above short account one may see 
that in the short period since the time of 
formation there has taken place in the Chinese 
Peoples’ Republic a rapid development of metal 
physics and physical metallurgy, the tempo of 
which increased even more after the Great Leap 
Forward in 1958. It must be pointed out that 
such rapid progress would not have been pos- 
sible without help on the part of the Soviet 
people. A great number of workers in metal 
physics and metallurgy were trained in Soviet 
universities, colleges and scientific research 
institutes. Many scientific workers of the 
Soviet Union, such as Professor V.D. Sadovskii, 
B.G. Livshits, M.G. Morosov and L.I. Vasiliev 
visited China last year and read a great 
quantity of reports and lectures. All this 
had a strong influence on the course of the 
successful development of the science, 

A new generation of workers in metal physics 
anc metallurgy has appeared, and a basis 
created for further rapid development, 


Translated by D.G. Noel 
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MECHANISM OF PRODUCTION OF INTERNAL FRICTION 
IMPURITY PEAKS* 
V.T. SHMATOV and A.V. GRIN 


Institute of Physics of Metals of the Academy of Sciences of the U.S.S.R. 
(Received 15 April 1959) 


A possible mechanism is proposed for the 
production of internal friction impurity 
peaks, by migration of impurity atoms to the 
grain boundaries and back, The variation of 
internal friction with concentration of 
impurity and other parameters, calculated 
according to this mechanism, is in qualitative 
agreement with experimental results, 

We know that for pure metals in the poly- 
crystalline state there exists in the high- 
temperature region one internal friction peak. 
Since a similar peak is absent for single 
crystals of the pure metal, this phenomenon is 
linked with relaxation processes at the grain 
boundaries. 

On addition to the pure metal of an impurity, 
together with the internal friction peak from 
relaxation at the grain boundaries of the pure 
metal, there appears in a definite temperature 
region a second, supplementary internal fric- 
tion peak, which we will] in future call the 
impurity peak. Most systematic stucies were 
carried out in this direction in the works 
{i-5]. The genera] rules which one can derive 
from analysis of the results of these works, 
in respect to the impurity peak, come down to 
the following: 

1. Even a very insignificant addition of 
impurity (0.03 atomic % [8]) can lead to the 
appearance of an internal friction impurity 
peak, 

2. On increasing the impurity content, at 
first the height of the impurity peak increa- 
ses, However, as has been found for several 
alloys, beginning at definite, higher impurity 
concentrations, a decrease or even disappear- 
ance of the peak is observed [6]. Decrease in 
height of the impurity peak with further in- 
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crease in impurity concentration has been 
found for alloys of copper with zinc, gallium, 
silicon [i,3] and also for alloys of silver 
with indium and tin [2]. At the same time, 
for alloys of copper with aluminium, nickel, 
silver, germanium and arsenic {1,3,4], and 
silver with cadmium [2], only the increase 
has been observed in the ranges of concen- 
trations used. 

3. These results indicate that the energy of 
activation of the relaxation processes which 
lead to the creation of internal friction 
impurity peaks is evidently for a relatively 
high impurity level close to the energy of 
activation for diffusion of impurity atoms in 
the alloy. Such a relationship was observed 
for alloys of copper with zinc and silicon 
(2,6], and in alloys of silver with cadmium, 
indium, and tin [2]. In the region of lower 
concentrations, where in some measure the 
first internal friction maximum is still 
noticeable, the value of the activation 
energy for an impurity peak is somewhat 
higher. 

4. With increasing impurity level the first 
maximum, from relaxation at the grain boun- 
daries, decreases, and as several experi- 
ments have shown, may completely disappear 
(1-3, 6]. It is evident that this feature 
can be definitely connected with the enrich- 
ment of the grain boundaries with impurity 
atoms, 

5. The internal friction impurity peak is 
observed only in polycrystalline specimens, 
and consequently, just as in the first case 
of internal friction, is connected with the 
grain boundaries, 

6. The height of the internal friction impuri- 
ty peak changes comparatively little with 
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change in the average diameter of the grains, 
gradually decreasing with its increase (3,6]. 
On the other hand, the relaxation time is 
essentially dependant on the average grain 
size and appreciably increases with increasing 
grain size, or, which is the same thing, with 
decrease in their number in unit volume [B, 6]. 

In the works examined no mechanism is pro- 
posed to explain the appearance of internal 
friction impurity peaks in polycrystalline 
specimens on alloying of a pure metal by an 
impurity. In the following pages a possible 
mechanism is examined for creation of these 
peaks, which, it appears to us, explains the 
characteristic features considered above*. 

As we know, the large impurity concentration 
at the grain boundaries occurs because of the 
lower energy of deformation applicabJe to an 
impurity atom at the boundary of a grain com- 
pared to its energy of deformation in the 
body of the grain. For this reason it is 
energectically favourable for part of the 
impurity atoms to diffuse to the boundary of 
the grain. Elastic deformation of the speci- 
men, changing the value of its energy of 
deformation, can, depending m its character, 
either heip or hinder the concentrating of 
impurity atoms at the grain boundaries. 
Therefore for a periodic deformation the 
concentration of impurity atoms at the grain 
boundaries must change periodically. For a 
sufficiently rapid deformation of the speci- 
men, the change in concentration of impurity 
at the boundaries will not be able to follow 
the change in deformation; the process of 
change of state of the specimen will be a non- 
equilibrium one, which will lead to the dis- 
sipation of elastic energy, that is the 
creation of interna] friction at this frequen- 
cy. 

This type of interna] friction is a special 
case of internal friction in systems with 
additional parameters [§). The additional 
parameters are the concentration of impurity 
atoms at the grain boundaries, which is equal 


[7] to 


* One of the authors formerly was inclined to 
consider that this peak of internal friction 
was produced by relaxation at the boundaries of 
blocks of the structural mosaic [6]. 


Q 
RT 


‘= 
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where ey is the concentration of impurity 
atoms in the volume of the grain; 


Q=N(E—e), (2) 


where N is Avogadro’s number; E£ is the energy 
of deformation per atom in the grain; e is 
the energy of deformation per atom on the 
boundary of the grain, 

The value of internal friction in an 
isothermal process will be equal] [8] to 


wt 
Qr = ——_—-AE,. 
+ (wr® 


where +? is the relaxation time of concentra- 
tions of impurity atoms at the boundaries at 
constant deformation and temperature (or, 
which comes to the same thing, the re] axation 
time of the stress o under these conditions), 
The degree of relaxation of the isothermal 
modulus of elasticity is given by the expres- 


sion {9} 

0 

AE;=E,; [Co], 

oT 
where EF, is the value of the isothermal 
modulus of elasticity in the absence of a 
distribution of impurity atoms predominantly 
at the boundaries of the grains (the so-called 
non-relaxation modulus of elasticity for w=cc), 
and [C;] is the part of the total heat 
capacity for unit volume which is due to the 
distribution of impurity atoms predominantly 


at the grain boundaries. 
Using expression (1), we find 


A Er=Er (2) (C,]. (5) 


The energy of deformation of a unit volume 
with L grains is equal to 


(6) 
+ be), 
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where a and 6 are the number of impurity atoms 
dissolved in the body of one grain and at its 
boundary, respectively. To fix the heat 
capacity, taking into account (2), we have 


(since a + 6 = const), where n = s is the 


number of atoms at the boundary of the grain, 
and consequently nl is the number of atoms 
at boundaries within the unit volume, Thus 
we have the final expression for degree of 
relaxation of isothermal] modulus of elasti- 
city: 


nl 
A Er = NRT c(l1—c). (8) 


Since according to the determination AE; <l, 
an appreciable value of interna] friction is 
to be expected for a not too small impurity 
atom concentration at the boundary. We know 
that even for an insignificant addition of 
impurity, the concentration of impurity atoms 
at the grain boundaries may turn out high, 
Thus in [7] it is shown that in iron with 
0.09% phosphorus, the concentration of phos- 
phorus in the grain-boundary region may be 50 
times greater than the concentration within 
the grain. Just such a mechanism of produc- 
tion of internal friction impurity peaks as we 
have examined explains the possibility of 
appearance of this peak even for insignificant 
addition of impurity. 

As is seen from formla (8), the height of 
the internal friction impurity peak increases 
with increasing level at the grain boundaries, 
at c = 0.5 reaches a maximum, then for further 
increase in concentration falls to zero, This 
feature explains the property of the peak 
noted in point 2, since according to formula 
(1), with increase in impurity content in 
the metal, the concentration of impurity atoms 
at the grain boundaries increases continuously. 

Points 4 and 5 of the features of internal 
friction impurity peaks considered above also 
serve, it appears, as confirmation of the 
mechanism of production proposed here, 

We will derive an expression for time of 
relaxation. The process of transition of an 
impurity atom from the body of the grain to 
its surface (or the reverse transition) is an 


activation process, that is bound up with the 
transition of an atom through a potential 
barrier, The thermodynamic activation poten- 
tial is equal to 


where AH is the heat of activation; AS is 
the entropy of activation, Carrying through 
reasoning similar to that used in [9] in 
deriving time of relaxation in interstitial 
solid solutions and in alloys with long-range 
order, we have 


A@ 
exp ( ar)? (10) 


where h is Planck’s constant; F.. is the 
second derivative of free energy with respect 
to c, taken at the equilibrium composition; 

5 c is the change after one elementary act 
in concentration of impurity atoms at the 
grain boundaries, 

From the definition of concentration we find 


(2 (11) 


As shown in [10] (equation (7)), 
IC, ] 


and consequently 


N OT aLRT 


Ne (1—c) 
oT 


(13) 


After substitution of (9), (11) and (13) in 
(10), for relaxation time we find the follow- 
ing expression 


nLhv 
L? RT 


c(l—c)exp a 


— 


) (14) 


Or, if we use the temperature relation of 
impurity atom concentration at the grain 
boundaries, then we get 


VoL 
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AH—TAS 

oT = exp ( 
RT 


2 
(: — Co + Cy exp 


(15) 


For low impurity concentrations, when 
Q 
cexp— <1; 1, 


we have approximately that 


ot Cy exp exp 


L?RT ) 


RT 
(16) 


Consequently, in this case the well-known 
measurement of heat of activation from dis- 
placement of the peak with frequency gives an 
exaggerated result, equal toAH+Q. For 
an increase of impurity atom concentration at 
the grain boundaries this difference will be 
diminished. This conclusion from the theory 
agrees with point 4 of the experimental res- 
ults in measurement of heat of activation of 
the processes leading to the production of 
internal friction impurity peaks.* 

It is not difficult to show that 


nL =a? (17) 


where @ is a quantity of the order of the 
lattice constant, Therefore the degree of 
relaxation of the modulus of elasticity (8), 
and also the height of the internal friction 
impurity peak, is proportional to L*‘/s and con- 
sequently with change of concentration ¢ de- 
pends feebly on the average grain size. On 
the other hand, the relaxation time under the 
same conditions is strongly dependent on the 
average grain size, since according to ex- 
pressions (14) and (17) 


(18) 


These conclusions are in qualitative agree- 
ment with the experimental results for inter- 
nal friction impurity peaks set out in point 
6. 

For further comparison of the theory with 
experiment,more systematic investigations of 
impurity peaks are necessary, for example an 
explanation of the quantitative influence of 
grain size on the peak, the effect of quenching 
temperature and annealing temperature and so 
on, The qualitative comparison we have made 
between the theory and the available experi- 
mental data evidently supports the mechanism 
proposed here for the production of internal 
friction impurity peaks in metals, 


Translated by D.G. Noel 


REFERENCES 


. L. Rotherham and S. Pearson, J. of Metals, 8, 
881 (1956). 

. S. Pearson and L. Rotherham, J. of Metals, 8, 
894 (1956). 

. S. Weinig and E. Machlin, J. of Metals, 9, 32 
(1957). 

. Ke T.S., J. Appl. Phys., 20, 1226 (1949). 

. K. Marsh, Acta Met., 2, 530 (1954). 

. A.V. Grin, Fiz. metal. metalloved., 4, 561 
(1957). 

. M. Jumen, H. Tipler, Acta met., 6, 73 (1958). 

. V.T. Shmatov, Fiz. metal. metalloved., 6, 984 
(1958). 

. V.T. Shmatov, Fiz. metal. metalloved., 7, 321 
(1958). 

. V.T. Shmatov, Zh. eksp. teor. fiz., 33, 1359 
(1957). 


* The heat of activationZ\H in formulae (14) -(16) 
corresponds in sense to the volume diffusion of 
impurity atoms. 


| 
8 
959 
4 
5 
6 
9 
10 
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In spite of the fact that at present there 
is a considerable amount of experimental 
material accumulated from the study of the 
Hall effect in ferromagnetics, there is as 
yet no complete theory of this phenomenon; 
also there is not at the moment a unique way 
of choosing the constants to characterize the 
Hall effect in ferromagnetics. The Hall 
effect in ferromagnetics is most frequently 
described [1,2] by the formula 


E,=R,H+RM, (1) 


where Ro is the Hall constant for the ‘‘normal’’ 
part of the effect; R, is the Hall constant 
for the ferromagnetic part of the effect; 4H 
is the intensity of the magnetic field inside 
the specimen, that is H = H, - NM, where H, 
is the intensity of the external magnetic 
field, N is the demagnetization factor of the 
specimen, and M is the intensity of magnetiza- 
tion of the specimen. 

Sometimes a somewhat different way of writ- 
ing the formula is used 


E,=R,(H +2M), (2) 


where H and M have the same meanings as in 
formula (1), and a is the effective magnetic 
field factor; it is obvious that a = R,/Ro. 

The normal subject for theoretical study is 
the temperature dependance of Ry and R; (ora). 
With reference to R, see works t3-€] , and for 
Ry see work [7]. 

In the given way of writing the Hall effect 
it is assumed that the ‘‘normal” Hall constant, 
as in non-ferromagnetic substances also, is 
determined by the concentration of conduction 
electrons n. 

In the presence of a current carrier of one 

l 
sign, Ro ° 
* Fiz. metal. metalloved., 8, No.6, 834-836, 1959. 


The small temperature 


variation of the ‘‘normal’”’ Hall constant Ro in 
several ferromagnetic metals and alloys has 
been explained in a series of theoretical 
works [7,8], from the interaction of the s- 

and d- electrons in ferromagnetics, There is, 
however, another point of view [9,10], accor- 
ding to which the Hall effect in ferromagnetics 
should be described by the formula 


RM, (3) 


where R, and M have the same meanings as in 
formulae (1) and (2), and R,; is the Hall con- 
stant to go with the true intensity of mag- 
netization of the ferromagnetic at saturation 
(in the spin paramagnetism region), Accord- 
ing to this view, the constant R,; is connec- 
ted with the Hall e.m,f. produced by a change 
in spontaneous magnetization, whereupon R; is 
not determined in the given case by the con- 
centration of conduction electrons as simply 
as was the constant Ro in the previous trea- 
tise. 

Experimental results support both the first 
and the second point of view. We know that 
the concentration of current carrier for 
ferromagnetic metals, calculated from the 


formula Ry iti nds gives a value of about 
cen 


1022 cm? [11]. : 

Studies made by us of the Hall effect in a 
ferromagnetic semiconductor, magnetite [12], 
have shown that the concentration of conduc- 
tion electrons, determined by the value of 
Ro, is strongly temperature-dependent, and 
its value is found to be in conformance with 
the semiconducting character of the magnetite, 
The value for the conduction electron concen- 
tration calculated from the value of Ro is in 
agreement with values obtained from measure- 
ments of thermal e.m.f.s. in magnetite [13]. 
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On the other hand, in fi0) there is experimental 
confirmation of the viewpoint expressed by 
formula (3). It was shown that in an alloy of 
the Invar group (Fe-Ni) in the Curie tempera- 
ture region the Hall effect is effectively 
described by formula (3). 

In our opinion, in the general case the Hall 
effect in ferromagnetic metals and semiconduc- 
tors should be described by a three-term 
formula, taking into account the possible 
mechanisms noted above for the production of 
the Hall effect in ferromagnetics 


E,=RH+R,M+RM, (4) 


where all the Hall constants and the magnetic 
characteristics have the same meanings as in 
formulae (1) and (3). Formula (4) is corro- 
borated by all the available data on the Hall 
effect in ferromagnetics for any temperature 
region, It is evident that in a number of 
particular cases (4) can pass either into (7) 
or (3). i.e. in a number of metal ferromagnets 
and in a ferromagnetic semiconductor magnetite 
in the region far from the Curie temperature, 
the last R; M, term is considerably less than 
the first two and plays no part. It is evident 
that in this case the Hall constant Ro deter- 
mined from the slope of the EX - 4H graph in 
the saturation region can be used to give the 
concentration of conduction electrons, On the 
other hand, for certain metallic ferromagnetics 
with large values of spin paramagnetic suscep- 
tibility, the second and third terms may pre- 
dominate, as the first term may be small (due 
to the high concentration of the current 
carriers in the metal). For the high-tempera- 
ture Curie region the second term disappears 
and 


E, = + (5) 


Since M,; = XH where X is the spin para- 
magnetic susceptibility, formula (5) may be 
rewritten in the form 


E, = *R)H. (6) 


In the work [14] it was actually shown that 
in a Cu-Ni alloy in the paramagnetic region, 
the term XR; is subject to the Curie-Weiss 
law, and R, is independant of temperature. 

The maximum of the Hall constant observed in 
many works at the Curie temperature, calculated 
from the slope of the EX -H graph in the 


region of saturation, is evidently fixed by 
the maximum of the paramagnetic susceptibility 
X in the term (R, + X R;), so that the 
quantity R,; is evidently almost temperature- 
independent, since the term XR. follows with 
great accuracy the Curie-Weiss law above the 
Curie-Weiss law above the Curie temperature, 

We should also note that a determination of 
R, from the initial part of the EX -H curve 
in the area close to the Curie temperature 
should be made with care, since in this case 
even in a weak field there may be an appreci- 
able true intensity of magnetization and cor- 
respondingly the term RM; in formula (4). 

The maximum of the R,-T curve observed in a 
series of works somewhat lower than the Curie 
temperature is possibly also determined by 
the appearance of the true intensity of mag- 
netization with a decreasing spontaneous mag- 
net ization, 

To test the proposals given it is necessary 
to make a detailed study of the Hall effect 
and intensity of magnetization above and below 
the ferromagnetic transition temperature in 
substance where three terms are commensur- 
able. 

Translated by D.G. Noel 
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1. INTRODUCTION 


The constants of uniaxial magnetic anisotropy 


* Fiz, metal. metalloved. 8, NO.6, 837-846, 1959. 


in thin ferromagnetic films have hitherto 
been determined only indirectly from measure- 
ments of the magnitude of the anisotropy 
field {1]. The measurement of these constants 
of anisotropy is also possible in principle 
by the torque method [2]. However, this 
method requires high sensitivity of the ani- 
someter, since the volume of the specimens is 
very smal] and the magnitude of the constants 
of uniaxial magnetic anisotropy are close to 
those of the lowest constants of crystal 
anisotropy. It is the purpose of the present 
paper to describe a sufficiently sensitive 
instrument for this measurement and also to 
discuss the errors arising during measurement 
and the possibility of their elimination. 


2. DESCRIPTION OF THE ANISOMETER 


The principle of the operation of anisometer 
shown in Fig.1 is similar to that of the 
usual instruments for measuring the constants 
of crystal anisotropy by the torque method. 
However, as the constants of uniaxial magnetic 
anisotropy are of the order of 10° erg/cm® 
and, consequently, the maximum magnetic 
moment of a film 1000 & thick and 2 cm2 in 
surface area amounts to 2 x 1072 dyne cm, the 
instrument should be able to measure a torque 
of the order of 1073 dyne cm, The required 
sensitivity can be readily achieved by an 
instrument in which the uncompensated twisting 
of a thin phosphor-bronze wire 0.07 mm in 
diameter and 34 mm long gives the magnitude 
of the effective torque. The wire dimensions 
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are adopted to ensure that the deformation of 
the wire during the twisting is kept below 

the elastic limit. By means of a simple 
optical device very low angles of twist can 

be read off (some minutes of arc at a twisting 
moment of 107! dyne cm). 


Fig. 1. Anisometer for thin ferromagnetic films 
(shown when not running). The glass cover has 
been removed to give a better view of specimen and 
holder. 


The magnetic field necessary to saturate 
these specimens is obtained from a fixed 
Weiss-type magnet (diameter of the pole tips: 
10 cm; distance between them: 3.7 cm). The 
specimen is attached to a machine component 
which revolves relative to the magneto at the 
near-homogeneous centre line of the magnetic 
field. To the upper end of this component a 
suspension thread is soldered; on this the 
specimen holder is fixed - a Vinidur adaptor 
tube into which a glass tube is pushed which 
has a tapered ground section on one end, The 
specimen is attached by means of paraffin to 
a copper stage which is placed into the ground 
section of the glass tube. By raising and 
compressing the Vinidur adaptor tube the whole 


torsion system can be arrested. To facilitate 
the positioning or removal of the specimen, 
the entire measuring unit is then tilted and 
the specimen is thus outside the magnetic 
field. 

The high sensitivity of the apparatus can be 
exploited only when every influence which can 
introduce additional twisting moments is 
eliminated. Above all, it was necessary to 
avoid mechanical] distortion of the torsion 
system, This purpose is served by the very 
sturdy construction of the whole machine which 
rests entirely on a stone bed; as a protec- 
tion against air currents the torsion system 
is placed inside a glass cover; regularity 
of rotation for each torsion component is 
ensured (from $= 0° to d= 360°) by a syn- 
chronous motor, In this way it has been 
possible to eliminate, nearly completely, 
non-periodic (with respect to ¢ ) torques. 

It was still necessary to eliminate a number 
of distortion effects leading to a periodic 
torque curve which is superimposed on the 
periodic torque curve due to magnetic aniso- 
tropy. 


3. CAUSES OF ERRORS ARISING DURING 
MEASUREMENTS 


The distortion effects which give periodic 
torque curves are due partly to imperfections 
in the instrument itself and partly to the 
method of comparing specimens and the manner 
of fixing them in the anisometer, The errors 
arising in this way are considered more closely 
in the following sections, 

3.1 Inhomogeneity of the magnetic field. 
Let dV be a body element at a distance r from 
the axis of rotation and ¥ the magnetization 
of the element considered (for a ferromagnetic 
specimen W is equal to the saturation mag- 
net ization M,; for paramagnetic and diamag- 
netic components with susceptibility X, 
XH); then owing to inhomogeneity of the 
field there acts on the specimen when homo- 
geneously magnetized the force 


(M grad) HdV, 


that is, for a torque per unit volume we 
obtain 
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Since in the middle of the field the com- 
ponent of the magnetizing force H, (see Fig. 2) 
which is perpendicular to the pole tips is 
appreciably higher than the components #, and 
H, perpendicular to it, we have (.\1;/~ M,. 

With this condition equation (1) is simpli- 
fied 


At x=rcos @ andy=r sin ¢ it follows 
from equation (2) (for the middie of the field) 


sin dV. 
Ox 
(4) 


In the upper part of the field near the 
centre line between the pole tips we always 
have H, > Hy, H,. Therefore 


M,, M, <M, ~const 
and 


OH, _ OHy 


ax ~ ox" ox oy 


“oy” oy 


Equations (3) and (4) are therefore approxi- 
mately satisfied also at this point. 

3.2. Asymmetry of the torsional systen. 
Torques with periodic curves can also arise if 
paramagnetic or diamagnetic parts of the 
suspension system, or ferromagnetic contami- 
nations of this system, are arranged asymmet- 
rically with respect to the axis of rotation, 
Thus a shape anisotropy energy arises, which 
for an ellipsoid is equal to 


> (N, —N,) VM? sin?¢, (5) 


where No and N, are demagnetizing factors of 
the specimen in the direction of the secondary 
and principal magnetic axes, respectively, and 
¢@ is the angle between the magnetization 


vector and the principal axis. The angular 
dependence of this shape anisotropy energy 
produces the torque per unit volume 


— Dn 29 (6) 


3.3. Misalignment of the film. In the 
general case the magnetization vector of the 
film is parallel to its surface in the absence 
of external fields, However, when external 
fields are present components of the magneti- 
zation vector can be induced which are perpen- 
dicular to the surface of the film so that 
surface poles appear. The energy of the field 
of dispersion arising in this way is changed 
during the rotation of the film, if either 
the whole film or parts of it are not perpen- 
dicular to the axis of rotation. Thus torques 


arise which must also be attributed to the 
shape anisotropy. 


Fig. 2. For the calculation of the torque arising 
as a result of inhomogeneity of the field with 
eccentric positioning of the rotating parts. 
Orientation of the co-ordinate system in the mag- 
netic field. 


Fig. 3. For the calculation of the torque arising 
in the magnetic field H as a result of the devia- 
tion of the normal to the layer n from the axis of 
rotat ion, 


Let (Fig.3) be the angle of inclination 


32 
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of the normal to the film with respect to the 
axis of rotation, Then the magnetizing field 
H directed at an angle pe to the surface of 
the film shifts the magnetization vector M 
by an angle (%* -— €) away from the surface 
of the film so that it forms with the field 
an angle e€. This angle e€ is determined from 
the condition of minimum total energy EF of 
the specimen, which is composed of the mag- 
netostatic energy 


Ey =—VMH cose (7) 


and the shape anisotropy energy 
Ey= >A sin® (8) 


This condition, for small angles of # (i.e. 
and 


y*<l,e<)) 
is satisfied at 


4nM/H ye 
14+4xM/H 


for the case when N = 477. 
At this value of € the complete energy, 
considering that 


y* = sin? (more precisely, 
sin = sin YX sin 9), 
is equal to 


4nV/H 


(10) 


where ¢ is the angle between # and the line at 
which the horizontal plane and the surface of 
the film intersect. The torque then acting 

on a unit volume of the specimen is 


OE 


| OF sin 2¢. (11) 
V 


| + 4nM/H 


V 
For => (i,e., for the vertical position 


of the portion of the film being considered) 
an analytical expression for € can be obtained 
only for the case 47M/H = 2. With this con- 


dition, the total energy has a minimum if 


The magnitude of the total energy per unit 
volume is in this case equal to 
V 3 
(13 a) 
+ 2nM?* ( <P 


or 
1D 
V 3 2 2 ) 


(13b) 


Hence the torque acting on a unit volume of 
the film is equal to 


(14a) 
or 
—D = — sin — 
(14b) 
The magnitude of the torque in the case 


4n = + 2can be determined by either numerical 


or graphical solution; it increases as M/H 
increases, The expression following from 
equation (14) for maximum of minimum torque 
on 

must in the case 47M/H = 1 be multiplied by 
~0.5; for 2<4nM/H <5 it does not 
differ greatly from the value obtained for 
4M/H = 2. 


4. EVALUATION OF ERRORS ARISING DURING 
MEASUREMENT 


4.1. Inhomogeneity of the magnetic field. 
Appreciable torques due to eccentric position- 
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ing of the rotating parts can arise either if 
the magnetization or the volume of the speci- 
men with a small field gradient have high 
magnitudes or if the field gradient or the 
specimen volume have high magnitudes with a 


small magnetization. The first case arises 
with eccentric positioning of a ferromagnetic 
specimen or holder component in the middle of 
the field, and the second case, if a paramag- 
netic or diamagnetic specimen holder is present 
in a field of very high gradient. We shall 
estimate the magnitude of these torques on the 
basis of the simplified equation (4). 

4.11. Inhomogeneity of the field at a point 
of the specimen. The torque for a circular 
specimen (thickness d, radius R, with a dis- 
placed centre r,[X,= 1 9COS%, Vo Sin %.]) 
is obtained from (4) under the condition that 
the field gradient is constant at the speci- 
men surface 


D, 


R2rnd 


0H 
4 
M,| ay { (rcose 
0 0 


+ %,)rdrdpdz— 


d2nR 


(rsin + Yo) rdrde de| = 
OH. _ i 
= cos ~~ * sin ; 
(15) 


It is seen that the torque is equal to that 
of a film imagined to be centred at the 
centre of the specimen. To ensure that the 
total distorting torque does not influence 
significantly the magnitude of the anisotropy 
constant to be measured, it should be less 
than 5 x 1073 dyne cm. Hence it follows that 


for F 
0H 


d= 1000A, R=0,8 a, =— =5o0e/cm, 
Ox oy 


the eccentricity ro should be not more than 
0.7 mm in the case of Ni(M, = 500 CGSM) and 
not more than 0,2 mm in the case of FE(M, = 
= 1700 CGSM). 

The torque described by equation (15) acts 
also on components of the specimen holder in 
the middle of the field if these components 
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are positioned eccentrically with respect to 
the axis of rotation. To ensure that the 
torque does not exceed 5 x 1078 dyne cm, for 
the value of the field gradient stated above, 
the distance between the axis of symmetry of 
the holder and the axis of rotation should be 
less than 1.8 mm if, as in the case of the 
described anisometer, the volume of the ground 
glass section ( X = -1.8 x 1076 is equal to 
0.2 cm? and the volume of the copper stage 

(X = -8.0 x 10°77) is equal to 0.5 cm. 

4.12. Inhomogeneity of the magnetic field 
at the edge of the pole tips. To ensure that 
the distorting torque does not exceed the in- 
dicated value, the eccentricity of the part 
of the holder located at the edge of the field 
must be very low; thus, for instance for 
glass (X = -1.8 x 1076, vy = 0.3 cm) at 


= 100 oersted/cm, 


ox oy 
we obtain D~ 5 x 1078 dyne cm for rp < 0,13 
mm, 

4.2. Asymmetry of the suspension systen, 
4.21. Paramagnetic and diamagnetic parts of 
the suspension system. Numerical evaluation 
shows that the parasitic torque arising from 
the shape anisotropy in paramagnetic or dia- 
magnetic parts of the nolder is very low. 

4.22. Ferromagnetic inclusions. Ferromag- 
netic inclusions may produce quite considerable 
distortions. If such an inclusion is an iron 
cylinder, that is, a volume determined from 
(6) at (N, - N,) = 2m, M, = 1700 OGSM, it 
should not exceed the value indicated above, 

4.3. Misalignment of the film. 4.31. Mise- 
alignment of the film as a whole. Position- 
ing at an angle (misalignment) of the whole 
ferromagnetic film in the instrument for 
measuring anisotropy can be due either to an 
inaccurate plane parallel holder or to in- 
accurate fixing of the specimen to the sus- 
pension system. As the magnitude of the 
parasitic moment thus arising depends on the 
ratio 4aM/H, and H in the set-up considered 
totals 6 k oersted, then M = 500 CGSM (Ni), 
i.e. 4arM/H ~ 1.0, and M = 1700 CGS&M (Fe), 
i.e. 4arM/H w 3.6, should be considered the 
two limiting cases. 

To keep the errors in the anisotropy con- 
stants small, i.e., the maximum parasitic 
moments not exceeding 5 x 1073 dyne cm, for 
specimens 1000 % thick and 2 cm? surface area, 


AH, oersted, 
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the angle of misalignment y should not exceed 
1° for nickel and 30’ for iron. 

4.32. Irregular surface of the film. If 
the support of the film is not flat but 
slightly corrugated, shape anisoptropy of the 
type considered will likewise arise. The 
torque due to this anisotropy is easily 
evaluated on the basis of calculations given 
in section 3.3 if the surface irregularity is 
sinusoidal in one direction with amplitude a 
and periodicity h, i.e. it is described by 


function asin = 


At point x of the surface the angle of in- 
clination is equal to 


v = cos = x) 


or, for a<h, y= cos x and 


From (11) we obtain the torque 


acting on such an irregular film equalling 


D = 4n3 sin2¢. (16) 


V +4nM/H 

Hence it follows that, under the conditions 
described above, the value a/h should be less 
than 0.004 for nickel and less than 0.002 for 
iron. To indicate clearly how strictly this 
requirement must be met, we shall assume that 
the corrugation results from deflexion of the 
support (specimen radius 0.8 cm). Maximum 
deflexion should not exceed 0.13 mm in nickel 
specimens and 0.057 mm in iron specimens to 
ensure that the torque which thus arises does 
not exceed 5 x 107? dyne cm. 

4.33. Distortions of the surface of the 
support. Exactly the same requirements should 
be made on the surface quality of the support. 
If this surface is marked with ridges, their 
sides will be covered with ferromagnetic 
material, These ridges are inclined to the 
surface of the film at varying angles and ca- 
sequently produce shape anisotropy. To esti- 
mate the resulting torque, we shall assume 
that the ridges have side walls which are 
perpendicular to the specimen surface and are 
parallel to each other. Let l/h of such 
parallel ridges of depth a be present over a 


unit length of the support. Then, from 
equation (14), the torque acting (in the case 
4rM/H = 2) on the vertical walls of the 
ridges is 


D=V,- 2nM*sin— 9, (17) 


where ‘i, is the volume of these side walls. 


As the volume of the filmV= Vv, x —* , the 
a 


ratio of the moment (17) to the volume of the 
layer (at a €h) is equal to 


(18) 


1 a 
Misin—¢- 


According to the conditions of section 3.3, 
this calculation is approximately correct for 
Fe. 

To ensure that the torque due to the ridges 
does not greatly influence the measurement of 


anisotropy, f should be less than 7.9 x 1076 
for Fe and -4 <1,8 x 10°4 for Ni (with con- 


sideration of the factor ~ 0.5). This means, 
for instance, that a single ridge over the 
whole support (diameter = 1.6 cm) can give a 
torque of 5 x 1073 dyne cm, which cannot be 
neglected if its depth amounts to 1300 & in 
the Fe layer or 29,000 A in the Ni layer. It 
is understood that this case does not strictly 
occur ip practice, The walls of the ridges 
produced when the support is machined are 
usually not perpendicular to the surface; 

but the important point is that the ridges are 
never parallel to each other. Consequently 
the torques due to the presence of the indi- 
vidual ridges are partially compensated, If 
the layers are produced on the support by an 
evaporation technique, then the covering of 
the ridge walls will vary in thickness only in 
the case of tilting of the walls or oblique 
evaporation. 

4.34, Covering of ferromagnetic material on 
the sides of the support. Om the basis of the 
preceding esvimates it is seen immediately 
that covering (which is irregular with respect 
to the circumference of the specimen) of the 
sides of the support with ferromagnetic 
material may produce very great torques, 


5. ELIMINATION OR REDUCTION OF DISTORTION EFFECTS 
To eliminate the distortion effects of the 
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field gradient, best results would be achieved 
by homogenization of the magnetic field. For 
this end special devices can be employed, but 
while homogeneity improves in the middle of 
the field, inhomogeneity increases simu]- 
taneously near the edge of the pole faces where 
the influence is greatest. For this reason 
the specimen holder used in the described 
apparatus is a glass tube the curvature of 
which is corrected by extension at elevated 
temperature (500°C). A considerable reduction 
in the influence of the field gradient, which 
arises from the eccentric location of the 
glass tube, is obtained by filling the glass 
tube with an aqueous solution of Cuso, of 
suitable concentration (the susceptibility of 
CuSO, SHP = + 1.3 x 10-5); this compen- 
sates appreciably for the magnetization of the 
glass tube. 

The relatively small influence of the field 
gradient on the specimen is further decreased 
by using a simple centering device for fixing 
the specimen on the copper stage. 

Ferromagnetic inclusions can be eliminated 
by choosing appropriate materials for support 
(glass or very pure copper) and specimen 
holder (Vinidur for the coupling of the tor- 
sion system and the glass tube; glass; very 
pure copper; paraffin for bonding the 
specimen). Surface contamination of the 
high-purity copper stage is removed hy 
periodic scouring. In the same way the 
supports for the specimens are clemed prior 
to the application of the film, 

Precise horizontal positioning of the ferro- 
magnetic film is ensured by careful preparation 
of the specimen holder. Simple observation 
with the aid of a mirror will show that the 
angle of dip of the speciman relative to the 
horizontal plane does not exceed 0. 3°. 

Microscope cover glasses which are generally 
used as supports for the coating of the 
specimens are unsuitable in this case because 
of their surface corrugation, Optically 
polished glass plates (1 mm thick) are used 
instead. To eliminate the formation of 
directed corrugations and directed ridges 
during the preparation of the copper supports 
for electrolytic specimens, these copper 
disks are rotated during the polishing and 
perforated at the ca@tre, to avoid indeter- 
minate surface properties occurring at this 
point, 


The side surfaces (and the rear end) are 
protected by a coat of lacquer from having 
ferromagnetic material settle on them; dia- 
phragms suitably arranged during the coating 
serve the same purpose, 


Fig. 4. Example of the measurement of anisotropy. 

Top diagram:- correction to the curve of the 

torque, which is obtained when the specimen is 

absent. 

1 -— measured torque curve; 

2 — curve when the specimen is absent; 

3 — difference between curves 1 and 2. 

Bottom diagram:- expansion of curve 3 in Fourier 

series. 

4 - component of curve 3 with period 277; 

5 — component of curve 3 with period mw (torque 
curve proper). 


Parasitic moments arising in spite of al] 
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these precautionary measures cam be partially 
eliminated from the measured curve. Thus, 
parasitic moments arising as a result of the 
field gradient, and also those due to ferro- 
magnetic inclusions, can be determined hy 
plotting -— after the measurements are taken 
with the specimen in position — the curve of 
the torque without the specimen (but with the 
holder left in position). The curve thus 
obtained is subtracted from the previously 
measured curve. Errors due to eccentricity of 
the specimen can be eliminated by expansion in 
Fourier series if the conditions described in 
section 3.1 are satisfied. 


6. EXAMPLE OF THE MEASUREMENT 
OF ANISOTROPY 


A typical torque curve is show in Fig. 4, 
curve 1, It is obtained on a permalloy (77 
per cent Ni) film 1530 & thick and 14 mm in 
diameter, produced in a magnetic field on a 
preheated support. It follows from the asym- 
metry of the curve that a number of parasitic 
moments still remain in spite of all the pre- 
cautionary measures described above. The 
difference in the values measured at 0 and 
360° is due mainly to starting the measuremamts 
too early when the deformation of the wire, 
which arises during the loading of the torsion 
system, is not completely recovered. 

The curve measured subsequently, without the 
specimen, is represented by curve 2 in Fig.4. 
The errors obtained on account of the specimen 
holder are eliminated by subtracting this 


curve from curve 1. The difference curve 
(curve 3) has the shape of superimposed 
plots of harmonic functions. It cm be 
decomposed into components hy the Fourier 
method. One component is curve 4 with period 
27 due to the remaining eccentricity of the 
specimen; the other component is curve 5 
with period m due to the presence of uni- 
axial anisotropy. From this curve the con- 
stant of uniaxial magnetic anisotropy is 
obtained at k* = 0.96 x 10%erg cm73, 


7. SUMMARY 


A description is given of a highly sensi- 
tive anisometer (1073 dyne cm/mincron 
division) for the direct measurement of mag- 
netic anisotropy in thin films, To obtain 
this high sensitivity, a number of parasitic 
effects must be eliminated. These effects 
are studied in detail, their influence on the 
measurement of anisotropy is estimated and 
methods of error elimination are proposed, 

An example illustrates how part of the remain- 
ing errors can be eliminated, 
Translated by H. Nowottny 
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ELECTRIC CONDUCTIVITY OF IRON AT 
ELEVATED TEMPERATURES* 
V.S. GUMENYUK and V.V. LEBEDEV 
Physico-technical Institute of the Academy of Sciences, USSR 
(Received 26 June 1959) 


The paper gives data on the study of the temperature-dependence of the 
electric conductivity of high purity iron, which was obtained by vacuum 
distillation. The curve plotting the electric resistivity as a function 
of temperature shows clearly the points of magnetic and phase transition. 
Comparison is made with the measured values of the electric resistance 
for armco iron and with the results of other authors. A description is 
given of a high-temperature (up to 2500°C) furnace. 


The study of the electric conductivity of 
iron at high temperatures presents a certain 
interest. Sal’dau [1] carried out measure- 
ments on chemically pure iron, but the author 
points out himself that the specimens studied 
may have become carburized to an appreciable 
degree while the test was being carried out, 
Ribbeck’s investigations [2] were principally 
in the a-region, and measurements of the 
electric resistivity of iron in the Y-region 
were carried out only partially (up to 1000°C), 
Mokrovskii and Regel’ [3] determined the tem- 
perature dependence of the electric resistance 
in the range between 900 and 1700°C for armco iron, 

The object of the present work was to 
determine the electric resistivity of high 
purity iron in the range from 2 to 1450°C, 

The measurements were carried out by the 
compensation method with the aid of a PPTV-1 
potentiometer with a M-21 type galvanometer, 
The source of the current was a set of storage 
batteries which were cherged continuously from 
a rectifier while the work was carried out, 

To ensure greater current stability, a barret- 
ter of type 1B5-9 which maintained current at 
1 A was connected in series to the circuit, 

A standard resistance coil R-310 of 0.001 or 
0.01 ohm of the class of accuracy 0.01 was 
connected in series to the specimen, 
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Specimens of the material studied were 
prepared in the form of cylinders 3-6 in 
diameter and 50-100 mm long, having recesses 
as shown in Fig.1. The ends 1 and 2 served 
respectively for feeding the current and 
measuring the voltage drop in the portion l 
investigated (between the recesses). This 
specimen shape, which was suggested by Kan 
and Lazarev [4], eliminates the influence of 
the supply conductors since the points at 
which they are fixed do not enter into the 
effective portion of the specimen. 


Za 


2 


Fig. 1. Shape of specimen. 

It was shown by precision measurements that 
the error introduced into the values of 
electric resistivity by the adopted form of 
specimens does not exceed the error of the 
potentiometric network, 

The specimen was suspended vertically from 
one of the current-carrying conductors and 
extended into an electric resistance furnace 
which contained no ceramic material in the 
high-temperature zone [5]. 

An alundum support 11 ensuring thermal 


Electric conductivity of iron 


insul ation was fixed on a metal base, and a 
screening case 8 which consists of a set of 
molybdenum sheets was placed on this support, 
An alundum ring - was fixed to the metal disc 
4, and with the aid of steel] shells 6 there 
were introduced into this ring 5 the tungsten 
rods 9 which serve as supports for the heating 
coils 10. The current source was connected to 
two of these rods across the terminals 3. The 
‘Plug’ which consists of an alundum ring 7 
and a set of molybdenum screens is rigidly 
connected with plate 2. On this plug the 
specimen is mounted. Bars 2 and 4 can be 
freely tured about guide stands 1; this 
allows rapid mounting of the specimen in the 
furnace and replacement of defective heating 
coils, 


Fig. 2. Section through the high-temperature 
furnace. 


The effective furnace space is 200 mm in 
height and 35 mm in diameter; temperatures 
up to 2500°C can be readily obtained at a 
input power of less than 6 kW, 

The temperature can be measured either by 
thermocouples or by optical pyrometer across 
aperture 12. During the work described here 
the temperature was measured by platinum, 
platinum-rhodium and chromel-alumel thermo- 
couples and a PP type instrument. 

The furnace together with the specimen was 
placed in a vacuum chamber which was evacuated 
by a steam-oil diffusion pump at the rate of 
250 1./sec and a high-capacity pump, The 
vacuum maintained during the measurements was 
of the order of 1075-1076 mm Hg. 

The absolute error of the results in the 
work described concerning the determination 
of the electric resistivity does not exceed 
1.5 per cent, The difference in the electric 
resistivity values for a given temperature 
between different specimens of the same batch 
did not exceed the error limits, The curves 
P = f(T) are reversible, 

On this apparatus we measured the electric 
resistivity of both armco iron and the iron 
produced by vacuum distillation [6]. Prior to 
the measurements the specimens were pre- 
annealed in a high vacuum at a temperature of 
1100°C for 4 hr. The total impurity content 
of the distilled iron was approximately 0.02 
per cent, which was estimated from the magni- 
tude of the residual electric resistance* 
(see Table 1). 

The results of the measurements are shown in 
Table 2 and graphically in Fig.3. 


TABLE 1 


Temperature, °K | Rrex/Rigec 


77 1107! 
20,4 3.45x 107? 
4,2 3,35 x 107? 


For comparison the data of other authors 
are also plotted in Fig.3. Curve 2 gives the 


* The measurements of the residual electric 
resistance of the iron were carried out by 
B.N. Aleksandrov. 
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TABLE 2 


Electric resistivity of distilled iron at 
various temperatures 


Electrical 
Resistance 


Temperature 
(Qom x 106) 


Electrical 
Resistance 
Qom x 108) 


Temperature 
(°C) ( 


9.89 
14.0 
20.2 
28.5 
38.5 
50.3 
63.7 
79.5 


800 100.0 
900 107.8 
111.0 
114.2 
117. 2 
119.7 
122.5 
125.0 
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Fig. 3. 
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Temperature dependence of the electric resistivity of iron from 


the data of various aut’ ors. 


1. P.Ya. Saldau’ [1]; 
A.R. Regel’ [3]; 


results obtained by us for armco iron; they 
are in good agreement with the data obtained 
by Mokrovskii and Regel’ up to a temperature 
of 1400°C (curve 3) for metal of the same 

degree of purity. Curve 5 constructed for 

distilled iron is lower than any curve know 
to us from the literature. According to the 
data of Sal’ dau (curve 1) there is a marked 


2. For armco iron; 
4, Ribbeck [2]; 


3. N.P. Mokrovskii and 
5 Distilled iron. 


change in slope at the points of magnetic and 
phase transformation; this was observed also 
by us for armco type iron. However, for pure 
iron the curve runs smoothly with a bend at 

768°C (Curie point) and jumps at the points 

of allotropic transformations, A curve of a 
similar shape was obtained by Ribbeck (curve 
4) for pure iron (0.00 per cent Ni, 0.00 per 
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cent C, 0.07 per cent Mn and traces of Si). 
The sharp bends in the curves for armco iron 
and for the iron studied by Sal’dau can 
probably be explained by the influence of 
carbon which is present to a considerable 
extent, 

In contrast with the data of Mokrovskii and 
Regel’, the electric resistivity of iron in 
the 5-region increased in our tests with the 
temperature, and this increase was more marked 
compared with ¥-iron, 


Translated by Nowottny 
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THE TEMPERATURE RELATION OF THE 
NERNST-ETTINGSHAUSEN THERMOMAGNETIC EFFECT IN 
NICKEL AND FERRO-NICKEL ALLOYS* 

R.P. IVANOVA 
The “Lomonosov” State University, Moscow 
(Received 8 May 1959) 


The work studies the Nernst-Ettingshausen effect on nickel and ferro- 
nickel alloys in a wide temperature range. The relation between the 


effect and the magnetic field, the temperature relation of the effect 
and also the relation between the magnitude of the effect and the per- 
centage composition of the alloy at different temperatures were found. 


The present work is devoted to a study of 
the Nernst-Ettingshausen thermomagnetic effect 
in nickel and ferro-nickel alloys. As is 
known this effect consists in the formation of 
an electromotive force in metals and semi- 
conductors placed in a magnetic field with a 
variation in the temperature in a direction 
perpendicular to the magnetic field. The 
electromotive force is produced in the direc- 
tion perpendicular to the magnetic field and 
to the direction of the temperature gradient, 
The data available in the literature on the 
study of the Nernst-Ettingshausen effect is 
very disconnected [1-6]. The present work 
contains the results of a systematic study of 
this effect depending on a series of factors 
which influence its magnitude, 

Ferro-nickel alloys with the following con- 
position were studied: 

1. 36% Ni -— 64% Fe, 

2, 45% Ni — 55% Fe, 

3, 55% Ni — 45% Fe, 

4. 65% Ni — 35% Fe, 

5. 75% Ni — 25% Fe, 

6. 85% Ni — 15% Fe, 


7. Nickel. 
Measurements of the Nernst-Ettingshausen 


electromotive force were taken for each of 
the specimens depending on the extemal mag- 
netic field which varied to about 1600 oersted 
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and the effect of the temperature on the 
magnitude of the effect was also studied. 


METHOD OF MEASURING 


Measurements were made on specimens which 
had a parallelepiped shape 5 x 15 x 150 mm in 
dimension, The temperature gradient was 
produced by using two furnaces consisting of 
nichrome spirals placed inside copper tubes 
and isolated from them by quartz. The copper 
tubes were inserted and tightly fixed into 
the slots cut along the narrow edges of the 
specimen, The temperature gradient obtained 
in this way was measured by two chrome] -al] umel 
thermocouples inserted in special holes dril- 
led in the specimen, The distance between the 
thermocouples was about 1.4 cm (Fig.1). The 
difference in temperature produced JT was 
about 5- 10°. 

Stability in the heat regime was achieved 
by using stabilized pressure for charging the 
furnaces, For this purpose the specimen 
under investigation was placed inside a tube 
of molybdenum glass evacuated to a pressure 
of 1072 mm mercury colum. 

In addition before the measurements were 
begun the specimen was soaked for an hour 
with the furnaces switched on to set the heat 
regime at a given temperature, The tempera- 
ture of the specimen was taken as the tem- 
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perature calculated as the average value from 
the readings of the upper and the lower ther- 
mocouples. The Nernst-Ettingshausen electro- 
motive force was measured by the compensation 
method using a low-resistance direct current 
potentiometer and for small] values of the 
electromotive force — a photcel ectrooptical 
amplifier, 

The contacts for recording the electromotive 
force were soldered in silver to special pro- 
jections cut on the specimens and placed 
opposite each other at equal distances from 
the upper and lower edges. The electromotive 
force caused by the asymmetry of the contacts 
was compensated to the imposition of the 
outer magnetic field on the specimen. 

It must be noted that as a result of the 
fine stability of the thermal regime the value 
of the temperature gradient during the test 
was kept constant with an accuracy of up to 
0.05°. The temperatures were measured by 
low-resistance type PPTN-1 potentiometer and 
a M-21/4 galvanometer. 

The temerature measurements were taken 
before the beginning and after the end of the 
measurements at the given temperature, 


THE RESULTS OF MEASURING 


As a result of the measurements which were 
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Glass tube 


A diagrammatic representation of the main part of the apparatus. 


Projection for 
measuring the 
Nernst electro- 
motive force 


made the relation between the Nernst- 
Ettingshausen electromotive force magnitude 
and the external magnetic field was found for 
each of the seven specimens investigated at 
different temperatures, The curves for a 
specimen of pure nickel are shown in Fig. 2. 
The curves obtained for the alloys are of the 


same type and are not given, In Fig.2 the 
El volt 

relation was plotted along the 
degree 


Y-axis, where E is the Nernst-Ettingshausen 
electromotive force (in volts); 1 is the 
distance (cm) between the two thermocouples; 
b is the thickness of the specimen (cm); JT 
is the temperature difference (°C). Thus 
along the Y-axis are plotted the values of 
the Nernst-Ettingshausen electromotive force 
reduced to a temperature gradient of 1°C in 

1 cm, 

It is clear from the given diagram that 
there is a rapid increase in the electromotive 
force E in fields of the order of 75-100 
oersted, For specimens with a small nickel 
content the relation between E and the field 
in these sections is linear, In more powerful 
fields the variation in E is small and the 
effect achieves saturation, There is an 
exception in certain curves measured at a 
temperature near to the Curie point for each 
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The relation between the value 


4 
7000 1200 H,9 


= x and the external magnetic field H 


for pure nickel. 


composition which show a gradual increase in 
E with a growth in the # field. 
The values obtained for the electromotive 


force in the saturation region are extrapolated 


till they intersect with the Y-axis (H = 0). 
Fig. 3 shows the relation between the values 
) x and the temperature of all 

ATb /H=0 
the compositions which were studied, 

In the temperature range which was examined 
the curves corresponding to pure nickel and 
specimens containing 85; 75; 65 and 55% Ni 
have approximately the same shape, At the 
beginning with an increase in the temperature 
there is a linear growth in the value E and 
at a certain temperature (different for each 
of the compositions) the value £ reaches a 
maximum, The maximum value of the effect for 
a composition of 55% Ni is reached at a ten- 
perature of the order of 260°, for 65% Ni the 
maximum is strongly blown up and is found in 


the temperature region from 300 to 400°, for 
75% Ni the maximum is observed at about 460°, 
for 85% Ni — at 420° and for pure nickel - at 
280°. A further increase in the temperature 
leads to a rapid reduction in the value of E 
as it approaches the Curie point for each 
composition, The figures showing the relation 
between the Nernst-Ettingshausen electromotive 
force and the temperature for specimens con- 
taining 45 and 36% Ni have the form of straight 
lines, The straight lines obtained are 
obviously the falling parts of the curves 
which are similar in shape to the curves 
examined above (for compositions of 85; 75; 
65; 55% Ni and pure nickel), but lying in 

the lower temperature region not studied by 
us, 

From the data shown in Fig.3 it is easy to 
find the relation between the value of E£ and 
the composition at a given temperature, These 
curves are shown in Fig,4. The dependence on 
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Fig. 3. The variation in the value =. x10—-8 depending on 


the temperature for all the specimen alloys studied. 


the composition is shown in this graph for the 
temperatures 100; 200; 300 and 400°. 

It is seen from the figure that all the 
curves have two maxima, One of them for all 
temperatures corresponds to the composition 
with an 85% Ni content, The magnitude of the 
maximum value increases with a growth in the 
temperature, The position of the other maxi- 
mum with an increase in the temperature is 
displaced to the side of the greater percen- 
tage nickel content. The value of this maxi- 
mum decreases with an increase in the tempera- 
ture. 

The following maximum values of E were found 
from the tests carried out om each of the 
specimens (see Table 1). 

The table does not include the data for 0 25 50 75 
compositions containing 36 and 45% Ni, because Fig. 4. The relation between the value 
for these specimens no maximum was found on 
the curves, but the greatest values for 
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TABLE 1 
Maximum values of E for each specimen 


Ni content % 


Temperature °C 


(= volt 
max 0 


ATO =0 ‘degree 


55 260 
65 300 
75 460 
85 420 
nickel 280 


ATb 
specimen with 45% Ni (for the lowest of the 
temperatures studied 40°). 

Thus from the data obtained it is possible 
to obtain a fairly complete picture of the 
behaviour of £ in ferro-nickel alloys with a 
change in the external field depending on the 
percentage composition of the alloys and with 
a variation in the temperature in the range 
from 40 to 200-600° (depending on the compo- 
sition). 

In conclusion I express my gratitude to 
Professor Ye.I. Kondorskii for his valuable 


x10-8~ 200) were observed just on the 


advice and hints in carrying out the work. 


Translated by J, Murray 
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THE X-RAY DIFFRACTION STUDY OF THE REDUCTION 
PROCESSES IN SOME FERRITES* 
V.N. BOGOSLOVSKII 


The Metallurgical Institute of the Urals branch of the 
Academy of Sciences of the USSR 


(Received 25 July 1959) 


The study of the reduction process in com- 
plex metal oxides to which the ferrites 
belong is of great practical and theoretical 
importance. Oxides are the basic raw material 
for the production of many metals, and data on 
the mechanism of their reduction can assist 
the intensification of the existing processes 
and the development of new metallurgical 
processes, 

The works of ALe Chatelier, N.S. Kumakov, 
A.A, Baikov, M.A, Pavlov, I.P. Bardin, 

I. A. Sokolov and many other scientists have 
studied in detail the thermodynamics and 
kinetics of the reduction processes of many 
oxides and natural compounds. However, 
despite the large amount of work devoted to 
the theory of metallurgical processes it 
needs further improvement. The important side 
of the reduction processes — the processes 
occuring in the solid phase — have not been 
sufficiently studied, In this connexion the 
reduction of metal oxides has had considerably 
less study than the reverse process — the 
oxidation of metals at high temperatures, 

On the basis of data obtained from the X-ray 
diffraction study of solid products from the 
reduction of iron oxides carried out by the 
author under the direction of Arkharov [1,2], 
it was established that the diffusion of metal 
ions inside the crystal lattice of the oxide 
(volume diffusion) plays an important role in 
the reduction processes. In certain cases the 
migration of anions and cations through the 
free surface of the oxide and in the region of 
the coupling of the initial oxide with the 
the metallic phase -— a product of its reduc- 
tion (surface diffusion) also has considerable 
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importance, The reduction of higher oxides 
to lower (Fe,0, to Fe and Fe,0, to 
takes place because of volume diffusion, but 
in the reduction of an oxide to a metal 
surface diffusion takes place, 

The study of the reduction of ferrites is a 
further development of this work, The present 
report makes use of the results of investi- 
gating the solid products from the reduction 
of nickel ferrite by hydrogen at 400° and of 
nickel and copper ferrites by graphite, The 
reduction of the ferrites by graphite was 
carried out in a vacuum*, The phase compo- 
sition and lattice parameters of the products 
of reduction were studied at various stages 
in the process, 


THE PRODUCTS OF THE REDUCTION OF 
NICKEL FERRITE BY GRAPHITE 


Ferrite obtained from the sintering of an 
equimolar mixture in air at 1200° for 30 hr 
served as the raw material for the reduction 
of nickel ferrite, The Xray diffraction 
phase analysis showed that the sintering pro- 
ducts are single-phase and have a spinel 
structure with crystal lattice parameters of 
8, 333 + 0.005 2, which agrees with the data 
on the nickel ferrite NiFe,0, [3]. As the 
reduction takes place the parameter of the 
ferrite crystal lattice grows as shown in 
Fig.1. Beginning with the 20% reduction the 


* Products from the reduction nickel ferrite were 
obtained by M.G. Zhuravleva and of copper 
ferrite -N.M. Stafeyeva. V.L. Subbotina 
took part in the investigation relating to the 
copper ferrite. 


X-ray diffraction study 


growth in the lattice parameter ceases and it 
remains practically constant until the spinel 
phase completely disappears in the specimens. 
A product of reduction at the beginning of 
the process is the phase with a face-centred 
crystal lattice, whose parameter agrees well 
with the parameter of the crystal lattice of 
pure nickel (3,517 4). This indicates that 
in the reduction of nickel ferrite relatively 
pure nickel is a product of reduction. The 
growth of the lattice parameter of the spinel 
phase at this stage of the reduction means 
that the ferrite is transformed into magnetite, 


a,A 


8,360 


8.350 


6.340 


2 


od % reduction 


Fig. 1. The variation in the ferrite nickel 
lattice parameter in the graphite reduction process 
at 950°. 1 - experimental data; 2 - calculated 
data. 


Since nickel ferrite and magnetite have an 
inverted spinel structure the change in the 
lattice parameter on the transition of ferrite 
to magnetite must agree with Vegard’s law 
[4,5]. Stemming from this and taking into 
account that pure nickel is a product of the 
reduction, the dependence of the ferrite 
lattice parameter a on the degree of reduction 
X can be expressed in the form of the relation 


a , 
1 + 3x 


The comparison of this relation with test 
data shows as is seen from Fig,1. that the 
variation in the ferrite lattice parameter 
with the reduction qualitatively agrees with 
Vegard’s law at the beginning of the process, 
Some divergence at X= 0.1 is possibly connec- 
ted with the fact that the degree of inversion 
at least for nickel ferrite is not know 
sufficiently accurately [6]. The comparison 


also shows that nickel ferrite obtained by 
the method described above obviously has a 
smal] amount of vacancies in the metallic 
part of the crystal lattice. If the amount 
of vacancies in the ferrite lattice were con- 
siderable a more rapid increase in the con- 
stant of its lattice at the beginning of the 
reduction would be expected, 

It is also se@m from Fig.1 that the varia- 
tion in the nickel] ferrite lattice parameter 
in the reduction ceases before its value 
reaches the magnitude characteristic of pure 
magnetite (8.38 Ry, The low value of the 
constant of the crystal lattice of the spinel 
phase indicates the presence in the latter of 
a certain amount of nickel ions which do not 
go over to the metallic phase in reduction, 

The change in the nickel lattice parameter 
in the ferrite reduction process is show in 
Fig.2, The curve expressing this relation 
has two practically horizontal sections, 
first from the beginning to 2% reduction 
corresponds to the growth in the parameter of 
the spinel phase. The transition of ferrite 
to magnetite takes place in this period, The 
second section — between 35 and 50% reduction 
- corresponds to the reduction of magnetite 
to wistite, The latter agrees with the phase 
composition of products of reduction, Lines 
belonging to the wistite phase are present in 
this section on the X-ray photographs of the 
specimens, 

During the whole reduction process, apart 
from the two sections mentioned, the nickel 
lattice parameter increases which indicates 
the increase in the concentration of iron 
dissolved in it. This is understandable 
because at the beginning of the reduction the 
oxide phase becomes poor in nickel and later 
the metallurgical phase takes in mainly iron, 
The first signs of the phase with a-iron 
body-centered lattice appear only after 70% 
reduction. This phase can form either as a 
result of the iron concentration in the nickel 
reaching the limit of iron solubility in the 
¥-solution and the reducible iron forms a 
independent phase, or from the decomposition 
of the ¥-solid solution when the specimens 
are cooled, 

The data obtained enable the nature of the 
diffusion of metal ions in the reduction pro- 
cess to be judged. The variations in the 
crystal lattice parameter and in the structure 


The 
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of the oxide phases with the constancy of the 
lattice parameter of the metal phase - a 
product of reduction indicates that volume 
diffusion is, taking place in the oxide phases. 
On the other hand the changes in the lattice 
parameter of the metal phase while the lattice 
parameters of the oxides are unchanged indi- 
cates the pre-eminent role of surface diffusion 
and volume diffusion in the metal phase. 


a,A 
4590 


3.570 


3550 


3.530 


% reduction 


Fig. 2. The variation in the lattice parameter of 
the metal phase in the process of the graphite 
reduction of nickel ferrite at 950°. 


From this point of view the beginning of 
the reduction process is marked by intense 
volume diffusion in the oxide phase. As a 
result of this process the ferrite becomes 
poor in nickel and turns into magnetite, 

Then for a time the volume diffusion slows 
down to a considerable extent and the reduc- 
tion is accompanied by surface and volume 
diffusion in the metal phase. Later there is 
yet another period of intense diffusion in 

the oxide phase connected with the change- 
over of magnetite to wustite. Then the re- 
duction of wustite to metal is again accom- 
panied by surface diffusion, The existence 
of a period of intense surface diffusion after 
the transition of ferrite to magnetite is 
complete, before the formation of wustite, is 
obviously connected with the fact that wustite 
in contact with pure nickel is unstable, It 
does not form until the iron concentration in 
the metal phase increases to a value at which 
the chemical potential of the metallic solid 
solution is equal to the chemical potential 

of wustite containing a certain amount of 
dissolved nickel. Thus, the surface diffusion 
is the link connecting the separate stages of 
crystal chemical transformations in the reduc- 
tion of complex oxides, 


The phase composition of the products of 
reduction can also yield qualitative data on 
the relative magnitude of the binding forces 
between the metal ions and the oxygen in the 
complex oxide. The appearance at the begin- 
ning of the process in the metal phase - a 
product of reduction - of principally nickel 
ions indicates that the latter are less 
firmly bound with the oxygen in the ferrite 
lattice than the iron ions, This agrees with 
the data on the heats of dissociation of 
simple nickel and iron oxides [7], in which 
the metal ions have the same co-ordination as 
in the ferrite. Thus, the heat of dissocia- 
tion of wistite is equal to 129.0 kcal/mole, 
and of NiO 116.8 kcal/mole, i.e. somewhat 
lower for the second, 


THE HYDROGEN REDUCTION OF NICKEL FERRITE 


The composition of the solid products from 
the hydrogen reduction of nickel ferrite at 
400° is substantially different from their 
composition after graphite reduction in the 
conditions described above, First of all the 
absence of noticeable variations in the fer- 
rite crystal lattice parameter throughout the | 
reduction attracts attention. 

The composition of the metal phase also 
does not change amd corresponds to the compo- 
sition of the metal ions in the ferrite, 
Comparing this data with the ideas expressed 
above it is possible to assume that at a 
relatively low temperature the reduction is 
accompanied mainly by surface diffusion, 


THE GRAPHITE REDUCTION OF THE 
COPPER FERRITE CuFe 04 


The reduction process of this copper ferrite 
has many features in common with the reduction 
of nickel ferrite in the same conditions, At 
the beginning of the process copper is the 
product of the reduction of copper ferrite at 
700-900°. This indicates that the copper has 
a considerably looser bond with the oxygen in 
the ferrite lattice than the iron, In this 
case, however, it is not possible to use the 
values of the heats of dissocation of simple 
copper oxides for comparison because the 
copper ions have a different co-ordination in 
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them than in the ferrite. In addition the 


copper ferrite reduction process is consider- 
ably complicated by the existence of two 

modifications in the ferrite and by the limi- 
ted reciprocal solubility of copper and iron, 


CONCLUSIONS 


1. The products of the graphite reduction 
of nickel and copper ferrites in a vacuum and 
of the hydrogen reduction of nickel ferrite 
were investigated by the X-ray diffraction 
method. 

2. The data obtained enabled the role of 
volume and surface diffusion in the reduction 
process of complex oxides to be ascertained 
and also yielded qualitative information on 
the relative magnitude of the binding forces 
between the nickel and copper ions and the 


oxygen and iron ions in the ferrite, 
Translated by J. Murray 
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1, One of the main directions in the devel- 
opment of modem physical metal studies con- 
sists of the study of inequalities in the 
concentration distribution in single-phase 
solid bodies. 

Experimental data and certain general 
theoretical ideas developed in the last 10-15 
years have resulted in the conception accord- 
ing to which definite concentration in- 
equalities are to a greater extent inherent 
in solid bodies than the idealized uniformity 
in the distribution of atoms of different 
types throughout the points of the whole 
crystal lattice which until recently was 
considered the basis of the conception of a 
solid solution, 

It is not a matter here of those macroscopic 
inequalities of concentration distribution 
which arise in the solidification of melts as 
a result of the finite cooling speed and 
which can be comparatively easily removed by 
subsequent homogenizing annealing which evens 
out the concentration in the macrospaces of 
the solid solution, Here it is a question of 
the quasi-stable inequalities of the concen- 
tration distribution influenced by deeper 
factors inherent in real solid bodies. These 
inequalities are not removed hy homogenizing 
annealing but on the contrary they appear to 
a greater extent as a result of carrying it 
out, 

The state of a real solid body in the 
presence of the inequalities of concentration 
examined here is nearer to the equilibrium 
state than with its uniform distribution 


* Fiz. metal. metalloved., 8, No.6, 861-866, 1959. 


throughout the volume of the solid solution, 

Concentration inequalities of this kind 
arise from the internal adsorption of dis- 
solved components in structural heterogenei- 
ties of solid bodies of a different kind [1]. 

The degree of stability of the concentration 
inequality from an adsorption origin is deter- 
mined by the degree of stability of those 
structural heterogeneities which are influen- 
ced by internal adsorption, For example, 
intercrystalline internal adsorption creates 
a concentration of the intercrystalline tran- 
sition zones by surface active components 
which is just as stable as the grain size of 
a given polycrystalline body, 

Another kind of stable concentration non- 
uniformity in solid solutions is the so-called 
K-state characterized by the presence of 
volume microregions in them with a long last- 
ing enrichment hy atoms of certain dissolved 
components [2], In the absence of rough 
structural heterogeneities the K-state micro- 
regions develop statically in a coherent 
crystal lattice, 

When they form in the lattice of an un- 
saturated solid solution, concentration in- 
equalities of the type K-state type regions 
reflect the action of chemical affinity 
forces, These forces (at a given temperature) 
are already capable of forming a structure 
corresponding to a much earlier stage of de- 
composition of the solid solution, These 
forces, however, are not sufficient to ensure 
the further growth of K-state regions which 
retain only a semimicroscopic size (in all 
three dimensions), 

The sections of concentration inequality 
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influenced by internal adsorption have the 
scale of the structural heterogeneities by 
which they were influenced, In particular the 
zones of intercrystalline internal adsorption 
have the size of intercrystalline transition 
zones. The extension of these zones along 

the intercrystalline joints (in two dimensions) 
has a macroscopic size. In the third dimen- 
sion (across the intercrystalline zones) their 
extension obviously has a semimicroscopic 

size. Estimates obtained even by indirect 
methods, but also from several experimental 
sources using different methods [1], give the 
order of magnitude of the average ‘“‘thickness” 
of intercrystalline internal adsorption zones 
as several hundred angstrom units, 

The very small thickness of these zones 
makes it extremely difficult to study them by 
direct experimental methods. In particular as 
it happens it is extremely difficult to use 
methods of contact autoradiography for this 
purpose which at first glance seem to be the 
most suitable, 

II. The investigations published in a series 
of articles by Zav’ialov and Bruk [3-7] were 
carried out by these very methods, Phenomena 
of the appearance of concentration inequalities 
and then redistribution in solid solutions on 
an iron base containing carbon were found in 
these investigations, Using a radioactive 
carbon isotope these authors discovered non- 
uniformity in the distribution of the carbon 
itself in the alloyed iron and connected with 
it also the non-uniformity in the distribution 
of the other alloying elements, 

The experimental results of Zav’ialov and 
Bruk are interesting and have great importance 
for physical metallography. The explanations 
of the observed phenomenon given by these 
authors which stem from the constitutional 
diagrams of alloys are also basically correct. 
The phenomena described and discussed by 
Zav’ ialov and Bruk merit even more detailed 
discussion. We have limited ourselves here 
to formulating briefly a possible point of 
view on these phenomena: obviously we have 
here the particular preliminary (predecomp- 
ositim) ‘‘stratifications” of the solid solu- 
tion whose basic nature depends on the action 
of chemical forces, The presence of structural 
heterogeneities assists the development of 
these phenomena, The latter circumstance, 
however, is only concomitant and does not 
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constitute the basic mechanism of these 
phenomena, 

This constitutes the principal difference 
between the phenomena described Zav’ ialov and 
Bruk on the one hand and the phenomena of 
intemal adsorption described in a series of 
articles by Arkharov and his collaborators 
(see [1]) on the other hand. 

In all the articles by Zav ialov and Bruk 
[3-7] incidentally a point of view is direc- 
tly expressed according to which both cate- 
gories of phenomena are identified. 

These authors mechanically transfer the 
conclusions from the examination of their 
experimental results to the phenomena of 
internal adsorption which leads them to 
conclusions which seem to us to be incorrect. 

III, We notice first of all that the thick- 
ness of the zones of transcrystallite internal 
adsorption which as already stated can be 
considered as equal on the average to 102-103 
g, even from the calculation carried out by 
Zav’ ialov and Bruk, lies in the limit of 
detectability by the autoradiographic method, 

This calculation was carried out with such 
simplification that a difference in radiation 
was not determined between the intercrystal- 
line zone enriched by the active component 
and the grain interior which contained a smal] 
but noticeable concentration of the compo- 
nent, 

The calculation carried out by Galishev, 
Orlov and Shvarte [8], taking account of this 
circumstance shows that the autoradiographic 
method has even less sensitivity to the con- 
centration inequalities of the fine layer 
type particularly if the effect of the thick- 
ness of the specimen is taken into account. 

The zones of carbon concentration inequality 
which appear on the autoradiographs published 
in the articles hy Zav’ ialov and Bruk (taking 
into account the magnification indicated on 
them) exceed the upper limit of the thickness 
which could be allowed for the intercrystal- 
line internal adsorption zones, 

This confirms that the concentration in- 
equalities studied by Zav’ialov and Bruk are 
not the result of internal adsorption and are 
an entirely different type. 

IV. Practically speaking this is obvious 
from the fact that in examining the mechanism 
of the phenomena observed by them these 
authors never find it necessary to take into 
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account the peculiarities of those sections 
of the solid medium which are enriched by one 
or other of the components; they only dis- 
cuss the reasons which cause one or other of 
the components to be forced out from single 
sections of the crystallite thickness into 
other sections of it. In other words the 
reason for the redistribution of the concen- 
tration in the phenomena observed by Zav’ ialov 
and Bruk is to be found in the characteristics 
of the state of the solid solution throughout 
the volume of the lattice. 

In contrast to this, the phenomea of 
internal adsorption are influenced by the 
characteristics of the state of the solid 
solution in the structurally inhomogeneous 
portions into which is drawn one or other of 
the components with which the lattice volume 
is by no means supersaturated. When structural 
heterogeneities are absent in the solid solu- 
tion of the given composition, adsorption does 
not take place. 

The reason for the adsorption concentration 
redistribution is external with regard to the 
crystal lattice of the solid solution; the 
reason for the phenomena of concentration re- 
distribution observed by Zav’ ialov and Bruk 
is inherent in the lattice of the solid solu- 
tion itself and it is found within it, 

To establish finally the principal difference 
between the phenomena of ‘‘stratification” in 
solid solution observed by AS Zav’ ialov and 
B.I. Bruk and the phenomena of intemal adsor- 
ption we will record that the first is in 
principle only possible in ternary (or more 
complex) solid solutions and impossible in 
binary solutions, because the phenomena of 
internal adsorption can take place ir binary 
solid solutions on the same physical bases as 
in more complex solutions, 

Since the phenomena of internal adsorption 
are in principle different from the phenomena 
observed by Zav’ ialov and Bruk then all the 
bases are removed from the assertions expres- 
sed by these authors on the possibility of 
treating the phenomena of internal adsorption 
only on the basis of the constitutional 
diagrams of the alloys. 

In fact the treatment of these phenomena is 
considerably more complicated. In their 
case, of greatest importance are, on the one 
hand, the variations in the forces of the 
interatomic bonds caused by the atoms of the 


dissolving substance in the lattice of the 
solvent, and, on the other hand, the local 
peculiarities of the structure and the excess 
energy of those structural heterogeneities 
through which internal adsorption takes place, 
In particular the nature and the degree of 
crystallographic disorientation of neighbor- 
ing crystals is important for the intercrys- 
talline internal adsorption, 

V. Apart from this cardinal mistake in the 
method of treating the phenomena of internal 
adsorption in the quoted articles by Zav’ ialov 
and Bruk they contain several other mistaken 
assumptions which mst be corrected. 

With regard to the relationship of the 
degree of enrichment of the intercrystalline 
transition zones (*boundary” or ‘‘surface” 
layers to use Zav’ ialov and Bruk’s expression) 
by impurities it is stated that ‘both the 
results of the tests and simple thermodynamic 
considerations lead to the conclusion that 
the action of factors which assist the enrich- 
ment decrease with a rise in the temperature”. 

In this connexion the following must be 
said, With regard to the “results of the 
tests” (by which Zav’ ialov and Bruk obviously 
mean their own original tests described in 
the articles quoted by us) it has already been 
shown that they do not concern internal adsor- 
ption, 

As far as ‘‘simple thermodynamic considera- 
tions”? are concerned they were obviously too 
simple to be used in the problem under dis- 
cussion, The fact is that Gibbs’ equation 
derived for the concentration adsorption 
variation at the phase interface in connexion 
with the variation in the surface tension 
cannot be directly used for the phenomena of 
internal adsorption in a solid body in which 
first of all the absence of phase division 
must be noted (without mentioning the absence 
of an interface), and also instead of the 
surface tension the excess energy of the 
intercrystalline transition zone depending on 
the disorientation of neighboring crystallites 
must be examined, 

If the similarity between the intercrystal- 
line internal adsorption and the Gibbs’ effect 
at the phase interface was not made in the 
first publications of Arkharov and his col- 
laborators with sufficient explanation, then 
in later work (see in particular [1]) it was 
defined more precisely, 
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Also in the work published by Arkharov and 
his collaborators later it was pointed out 
that the temperature dependence of the 
adsorption enrichment of the zones of struc- 
tural heterogeneities is not only determined 
by the volume solubility, the role of which 
was noted in the first articles, but also by 
certain other factors, and the combined action 
of all these factors can in certain cases give 
even a reverse relation of the adsorption 
enrichment and volume solubility with a 
variation in the temperature, The experimental 
data on this question have already been pub- 
lished; in some cases there is a direct con- 
nexion between the temperature dependence of 
the adsorption enrichment and the solubility 
and in other cases - a reverse relation [9-12]. 
It is scarcely necessary to comment that there 
is no need to discern the contradictions with 
the laws of thermodynamics in the case where 
the mechanism of the phenomenon is more com- 
plex than was supposed in the derivation of 
the thermodynamic equation. 

Of course one and the same component of an 
alloy can with a different component ratio or 
even with the same ratio but at different ten- 
peratures be either ‘horophilic’ or ‘horophobic” 
(or passive to adsorption), The whole series 
of fundamental ideas worked out for internal 
adsorption in solid bodies and the experimental 
data amassed illustrate this fact. The concen- 
tration relationship of the degree of horo- 
philia of palladium relative to iron discover- 
ed in the work of Arkharov and Iunikov [13], 
and also the ‘‘competition” and ‘‘co-operation” 
of horophilic impurities when two (or more) 
of them are simultaneously present in a 
general solid solution with different concen- 
tration combinations [14-18] may be quoted as 
examples, 

This, however, is the result of complex 
laws which are determined by the structure of 
the internal adsorption zones and by their 
energy, but by no means a result of those laws 
determined by the constitutional diagrams of 
alloys and not of those ‘‘simplest thermodynamic 
circumstances” by which Zav’ ialov and Bruk 
correctly explain the phenomena of “‘stratifi- 
cation” of solid solutions observed by them 
in an incorrect, groundless and useless attempt 
to extend them to the phenomena of internal 


adsorption. 
VI. In conclusion we must note two mistaken 


statements by Zav’ ialov and Bruk which are 
closer to simple misunderstandings, 

a) In trying to strengthen their argument 
in favour of an idea on the decrease in the 
enrichment of the intercrystalline boundaries 
with temperature during internal adsorption 
these authors write: “Finally if the process 
of the enrichment of the surface crystal 
layers by impurities is imagined as the 
result of a distortion of the crystal lattice 
in these layers, then in this case it must be 
admitted that an increase in the temperature 
must lead to a reduction in the distortion of 
the lattice and to a relaxation of the stresses 
existing in the boundary volumes examined”, 
(our italics). 

The lattice distortions inherent in inter- 
crystalline zones are produced by the mutual 
actioi. of differently oriented neighboring 
lattices and it is perfectly clear that until 
the nature of the disorientation changes, it 
is not possible to talk about either such a 
relaxation in ‘‘stresses’’ or about the reduc- 
tion of the distortions in these zones with an 
increase in the temperature, because these 
distortions are just as stable as the exis- 
tence of the intercrystalline boundary. 

b) In trying to treat in their ow way the 
results of the tests of Arkharov and Gol’ d- 
shtein [19] by analyzing the chemical compo- 
sition of the surface layer of a stone-like 
fracture of over-heated steel] 18KhNMA, 

Zav’ ialov and Bruk taking the obviously 
overestimated numerical data obtain for the 
concentration of molybdenum in the surface 
layer the value of 160%, which as they reason- 
ably remark “thas no physical meaning’’, If, 
however, instead of the thousand-fold increase 
in the thickness of the etched layer over the 
assumed thickness of the adsorption layer 
taken by Zav’ ialov and Bruk we take the five- 
hundred-fold increase (as indicated in the 
quoted article by Arkharov and Gol’ dshtein), 
then the result is not 160 but 80% which has 
a physical meaning. If we also take into 
account that in the much later experimental 
work of Arkharov and his collaborators (quoted 
by Zav’ ialov and Bruk, i.e. known to them) a 
much higher estimate of the thickness of the 
intercrystalline adsorption zones is given 
and, if according to this estimate we take 


this thickness as equal to 500 4, then for the 
concentration in the adsorption enriched zone 
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we obtain a much more accurate value of about 
33% which not only has a physical meaning in 


general but also confirms the adsorption nature 


of enrichment. 


VII. CONCLUSION 


1. The phenomena of the appearance of con- 
centration non-uniformity in alloys investi- 
gated by Zav’ ialov and Bruk are different in 
their nature from the phenomena of internal 
adsorption. 

2. The phenomena studied by Sav’ ialov and 
Bruk can be explained on the basis of simple 
thermodynamic conditions influencing the form 
of the constitutional diagram of the alloy; 
however, these explanations are unsuitable for 
the phenomena of internal adsorption because 
of the completely different nature of the 
latter, 

3. The thickness of the zones of inter- 
crystalline internal adsorption estimated from 
the experimental data obtained by different 


methods has a value of 192-103 & direct 
autoradiographic detection of these zones is 
extremely difficult and possible only in par- 
ticularly favourable conditions in exceptional 
cases. The zones detected ii the work of 

Zav’ ialov and Bruk have a thickness which 
exceeds the transverse size of the zones of 
intercrystalline internal adsorption. 

4. The remarks of Zav’ ialov ad Bruk rela- 
ting to some of the aspects of the phenomena 
of internal adsorption apart from the fact 
that they (the remarks) are made on the basis 
of incorrect identification of internal adsor- 
ption with the phenomena of stratification in 
solid solutions, contain also a series of 
misunderstandings caused by a much too simpli- 
fied conception of the mechanism of internal 


adsorption. 
5. Despite the short-comings noted in our 


article we consider that the work of Zavi’ ialov 


and Bruk contains a description of phenomena 
which are important for metallography and a 
correct explanations of these phenomena on 
the basis of the laws represented by the con- 
stitutional diagrams of alloys, 


Translated by J. Murray 
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A STUDYOF THE INTERNAL FRICTION IN 
POWDER METALLURGICAL BODIES. 

IV. SPECIMENS FROM BINARY POWDERS OF 
NONINTERACTING COMPONENTS Cu - Mo, Cu - W* 
B.Ia. PINES and DEN GE SEN 
The “A.M. Gorky” Khar’ kov State University 
(Received 4 May 1959) 


The temperature relation of internal friction was determined by using 
a torsion pendulum for powder metallurgical specimens of binary mixtures 
of the powders Cu — Mo and Cu — W. Om the curves of the temperature 
relation of internal friction ql = gl (T) two maxima were obtained on 
each, one of which corresponds to the processes on the Cu grain con- 
tacts, and the other - on the camtacts of grains of different kinds. 

The energies of activation were determined a) from the frequency shift 
of the maximum and b) from the background of the curve Q°! = Q! (7). 


1. The present work is one of a series [1-3] 
devoted to the study of internal friction 
(i.f.) in powder metallurgical bodies. For a 
more detailed explanation of the laws of the 
development of i.f. maxima on similar and 
unlike grain contacts the investigation of 
powder metallurgical specimens from binary 
mixtures of the powders of noninteracting 
components of Cu — Mo, Cu — W was undertaken 
in this work. 

The i.f. was measured on a vacuum torsion 
pendulum (relaxer) described previously [1]. 
The conditions and method of the measurements 
were the same as in the works [1-3]. The 
specimens were pressed from mixtures of dif- 
fering composition of Cu (99.99% electrolytic) 
powders with a grain size of < 53 #, 

Mo (99.98%) and W (99.98%) with a grain size 

of~10 <4 Preliminary annealing of the 

specimens was carried out in the same relaxer 
at 1000° in a vacuum (at a pressure of 1074 - 
—1075 mm Hg) with different soaking. 

2. The typical curves of the temperature 
relationship of i.f. in the studied specimens 
are shown in Fig.1 (Cu — Mo) and Fig.2 (Cu - 


* Fiz. metal. metalloved., 8, No.6, 867-871, 1959, 


- W). The general shape of the curves is not 
different from that produced in the case of 
the specimens from pure metals and other 
binary powder mixtures, On al] the curves 
there are two maxima (A and B) obtained at 
set temperatures and also a rapid growth in 
the internal friction is observed as the 
temperature increases, 

The maximum A in the region of 300° corres- 
ponds to the similar grain contacts of pure 
copper and is influenced by the relaxation 
effect (diffusion slip) along the grain boun- 
daries. It is also observed in single com- 
ponent specimens of Cu, The maximum B cor- 
responds to the unlike contacts of Cu — Mo, 
Cu — W and is obtained at a temperature of 
400-450°. Maxima corresponding to the grain 
contacts of the Mo-- Mo and W — W are not 
observed on the curves; these maxima must 
occur at considerably higher temperatures*, 

Fig. 2 shows the i.f. curves obtained from 
Cu — W (10% W) specimens which have undergone 


* According to the data of Shilling and Haspel 
[4] an internal friction peak appears on the 
gl (T) curve for pure W at a temperature of 
~ 1727°. 
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preliminary annealing of various durations at 
1000°. The curves correspond to an oscilla- 
tion freqency of f = 0.9 c/s at room tempera- 
ture (similar curves were obtained from speci- 
mens of the Cu-Mo system). It is clear that 
with an increase in the soaking time in 
preliminary annealing the level of internal 
friction drops at high temperatures, This can 
be explained by the ‘‘diffusion nature” of the 
processes influencing the ‘background’ of 
internal friction because with an increase in 
the soaking time of the preliminary annealing 
the diffusion effects are slowed down. 


Qwos 


00 


600 °C 


Qa 200 400 


Fig. 1. Temperature relaticn of internal friction 
in powder metallurgical specimens from binary 
mixtures of Cu-Mo powders which have undergone 
preliminary annealing at 1000° for 30 min (oscil- 
lation frequency f = 0.9 c/s). Curves 1, 2, 3 
correspond to specimens with 5, 10 and 25% Mo. 

A — maximum of internal friction influenced by 
processes on the similar grain contacts (Cu-Cu); 
B — maximum of internal friction influenced by 
processes on the unlike Cu-Mo grain contacts. 


3. The variation in the height of the i.f. 
maxima (A and B) corresponding to the similar 
and unlike grain contacts in metal ceramic 
specimens from mixtures of powders of Cu-Mo 
and Cu-W which have undergone preliminary 
annealing at 1000° with various soakings is 
shown in Figs. 3-6; curves 4, 5 in Fig.3 and 
curves 3, 4 in Fig.5 show that the height of 
the i. f, maximum A corresponding to the 
similar contacts (Cu-Cu) decreases with an 


increase in the addition of the second compo- 
nent, This is connected with a decrease in 
the contact area of the similar grains. With 
an increase in the soaking time of the pre- 
liminary annealing at 1000° the height of the 
maximum A also decreases (see curves 4-6 in 
Fig.4 and curves 5, 6 in Fig.6) which is 
caused by an enlargement of the Cu grains from 
the collective crystallization in the pre- 
liminary annealing process at 1000°. 


« 
120 


/00 


200 409 600 °C 
Fig. 2. Temperature relation of internal friction 
in a powder metallurgical specimen from a mixture 
of Cu-W powders (10% W) after preliminary anneal- 


ing at 1000° with various soakings: 
1 — heating and cooling; 2 — 30 min soaking; 3 - 2 
hr soaking; 4-6 hr soaking. Oscillation frequen- 
cy at room temperature f = 0.9 c/s. 


The height of the i, f. maximum B influenced 
by the unlike grain contacts in the specimens 
of the Cu-Mo system increases with an increase 
in the Mo content (see curves 1, 2, 3 in 
Fig.3) but it decreases with an extension of 
the preliminary annealing time at 1000° 
(curves 1, 2, 3 in Fig.4). The height of the 
same maximum B in the Cu-W system on the 
other hand decreases with an increase in the 
W content (curves 1, 2 in Fig.5) and increases 
with an increase in the duration of the pre- 
liminary annealing at 1000° (curves 1-4 in 
Fig.6), The different effects are obviously 
connected with the different action of the 
preliminary annealing at 1000°. In mixtures 
of Cu-Mo powders at a temperature of 1000° 
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good contacts of the Cu grains with the Mo 
grains are obtained which influences the com- 
plete development of the possible height of 
the corresponding i.f, maximum, With m 
increase in the soaking time of the prelimi- 
nary annealing at a given temperature the 
height of the maximum decreases probably in 
connexion with the decrease in the contact 
area (the growth of irregularities). In 
mixtures of Cu-W powders annealing at a tem- 
perature of 1000° still does not result in a 
sufficiently good contact of the Cu grains 
with the W grains and only with an increase in 
the soaking time at this temperature does the 
necessary contact which causes an increase in 
the height of the maximum gradually develop. 
The decrease in the height of the maximum B 
with an increase in the content of the second 
component W is obviously connected here with 
a deterioration in the cmtact influenced 
possibly by further difficulties in the pres- 
sing. 


P max 


40 


20 30 YoMo 


Fig. 3. Relation between the height of the maximum 
and the concentration in powder metallurgical 
specimens of Cu-Mo. 

1-3 — correspond to the maximum B for specimens 
annealed at 1000° for a period of 6, 2 and 0.5 hr; 
4-5 — correspond to the maximum A for specimens 
annealed at 1000° for a period of 0.5 and 2 hr. 


In connexion with the assumptions quoted 
the rather greater ‘‘background”’ of the internal 
friction curve Q™! (T) (see Fig.2) in specimens 
of the Cu-W system deserves to be noted. With 
an increase in the duration of the preliminary 
annealing this background is removed, It must 
be noted that the porosity of the specimens 


from mixtures of Cu-W powders with the other 
conditions equal is higher than in specimens 
of the Cu-Mo system, 
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Fig. 4. Relation between the height of the 
maximum and the duration of the preliminary 
annealing at 1000° in powder metallurgical 
specimens of Cu-Mo. 

1-3 — correspond to the maxima B for copper speci- 
ments with 5, 10 and 25% Mo; 4-6 — correspond to 
a maximum A for copper specimens with 5, 10 and 
25% Mo. 
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Fig. 5. Relation between the height of the 
maximum and the concentration in powder metal- 
lurgical Cu-W specimens: 

1 and 2 - correspond to maxima B for specimens 
annealed at 1000° for a period of 6 and 2 hr; 

3 and 4 — correspond to maxima A for specimens 
annealed at 1000° for a period of 0.5 and 2 hr. 


To test the assumption which had been made 
on the connexion of the maximum on the inter- 
nal friction curve with the processes on the 
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grain boundaries a comparison was made of the 
height of the maximum corresponding to the 
similar contacts of pure copper (i.e. to the 
contacts of the Cu-Cu grains) with what was 
expected from this assumption 1. The height 
in the indicated maximum must decrease in 
proportion to the decrease in the contact area 
of the similar grains, i.e. in the case of 
binary mixtures of powders it must vary with 
the concentration according to the law 

S=S, (1- c)2 where ¢ is the volume concen- 
tration of the second component. Fig. 7 shows 
the calculated and experimental relation 


Pax 
00 


6 min 


Fig. 6. Relation between the height of the maximum 
and the duration of the preliminary annealing at 
1000° in powder metallurgical Cu-W specimens: 

1-4 -— correspond to maximum A for copper specimens 
with 25 and 40% W. 


10 20 30 YO 50 60 


Fig. 7. Relation between the height of the maximum 
(contact area) and the concentration in powder 
metallurgical (contact area) and the concentration 
in powder metallurgical Cu-Mo specimens: 

1 — calculated contact area; 2 — experimental 
curve of the height of the maximum. 


between the height of the maximum A and the 
concentration in the specimens of the Cu-Mo 
system, Within the limits of error the 
measurements coincide well, 


RESULTS 


1. Using a torsion pendulum (relaxer) the 
internal friction in powder metallurgical 
specimens from binary mixtures of powders of 
the non-interacting components Cu-Mo and Cu-W 
was studied, 

2. On the curves of the temperature rela- 
tion of internal friction Q7! (T) two maxima 
(A and B) are observed, one of which (A) 
corresponds to the processes on the similar 
grain contacts (Cu-Cu) and the other (B) - to 
the unlike contacts (Cu-Mo, Cu-W). 

3. For specimens of the Cu-Mo system the 
height of the maximum corresponding to the 
similar Cu grain contacts decreases changing 
with the concentration approximately as the 
the contact area of these grains i.e, accord- 
ing to the law S = S, (1 - c)?, where c is 
the volume concentration of Mo, 

4. The height of the maximum corresponding 
to the unlike grain contacts decreases in the 
Cu-Mo system and increases in the Cu-W system 
with a growth in the duration of the prelim- 
inary annealing at 1000°. 


Translated by J. Murray 
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THE WEAR-RESISTANCE OF CASE-HARDENED STEEL AND 
ITS SUBSTRUCTURE* 
I.M. LYUBARSKII, A.P. LYUBCHENKO, G.N. BAKAKIN 
Transport Machine Works, Khar’ kov 
(Received 9 March 1959) 


1. In the reports [1,2] it was suggested 
that the reason for the amibiguous effect of 
the gamma-phase (residual austenite) in the 
case-hardened steel layer on its wear-resis- 
tance (cf. with [3-5]) is dependent upon the 
different substructure of this phase, i.e. in 
the difference in the size and nature of the 
variations in the microdeformation of the 
crystal lattice and in the size and degree of 
disorientation of the subgrains. It was 
established that in the case when the micro- 
deformation of the crystal lattice of the 
Y -phese is small (~ 2 x 1073) and homogeneous 
(homogeneous microdeformation regions ~ 150 


A) but the subgrain size is very great 


( < 1000° A) then in certain friction con- 
ditions [1,3] the case-hardened layer has good 
resistance to wear (even with a considerable 
amount of residual austenite (70-90%) . In 
this work, however, we only took into account 
the substructure of the Y-phase, Perhaps a 
correct conclusion about the influence of the 
substructure on the wear-resistance of steel 
can only be made on the basis of studying all 
the phases of the case-hardened layer. 

The present report includes the results of 
the experimental study of the wear-resistance, 
substructure and alloying of the phases of the 
case-hardened steel layer containing different 
amounts of residual austenite. 

2. A case-hardened layer of the steel 
18KhNVA was used for the investigation and 
the variations in its thermal treatment are 
given in the table, The wear-resistance was 
determined by using radioactive isotopes 


(32Fe and §CO) to measure the radioactivity 


* Fiz. metal. metalloved., 8, NO.6, 872-877, 1959. 


of the lubricant and by the autoradiography 
of the abrasion products brought to the con- 
jugate friction surface. The specimens were 
worn in conditions of pure slip of the radio- 
active specimen on a standard disk and on a 
friction machine which simulated the work of 
transmission gear [6]. 

The substructure of the a- and ¥ -phases 
of the case-hardened layer (the size of the 
regions of coherent X-ray scattering 5, the 
magnitude of the sections of homogeneous 
microdeformation L,, the saturation of the 
crystal lattice by inhomogeneous microdefor- 
mation L; and the value of the relative 
microdeformation ¢€ ) was determined by the 
harmonic analysis of the ‘‘shape”’ of the 
diffraction line (311) (for the ¥-phase) and 
(211) (for the a@-phase) [7]. To take into 
account the possible variation in the sub- 
structure parameters within the depth of the 
case-hardened layer and the anisotropy of the 
microdeformation the X-ray photography was 
carried out at the same layer depth and the 
values of 6, L,, L; and €y,, are given in 
the table for the same crystallographic 
direction, 

3. The results of the test are shown in the 
table and represented by Figs.1 and 2 from 
which it follows that the nature of cooling 
the steel after case-hardening effectively 
influences its wear-resistance, In the case 
of slow cooling from the case~-hardening tem- 
perature the wear-resistance of steel in con- 
ditions which reflect the real work parameters 
of a series of units and machines falls (No. 
1-3 of the table) with an increase in the 
Y-phase content and with a practically un- 
cnanged submicrostructure of the a- and 
Y-phases, Rapid cooling speed after case- 
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hardening (see No.4 and 5 of the table) 
results in high values for the wear-resistance 
of the case-hardened layer with practically 
the same concentrations of residual austenite 
(No.2 and 5 of the table). In addition the 
substructure of the a- and Y-phases is con- 
siderably different from that which develops 
after slow cooling. 


4G 
pulse per min 


Fig. 1. The dependence of the magnitude of wear 
curves (1-4), rate of wear (1’-4’) of the case- 
hardened layer on the time of the test. The 
numbers of the curves correspond to the order of 
the thermal treatment regime according to the 


YO 80.120 180) 200 


The variation in the microhardness of the 


Fig. 2. 
1 - for the 


friction surface during the test: 
regime 1; 4- for the regime 4. 


What has been said on the question of wear- 
resistance can be illustrated by the curves 
of the dependence of the integral abrasion 
and the rate of abrasion on the time of the 
test (Fig.1). The course of abrasion after 
rapid cooling (curve 4) is characterized by 
the very small separation of the abrasion 
products into the lubricant and by the migra- 
tion to the conjugate surface [2] and the 
monotonous decrease in the rate of abrasion 
(curve[4]). At the same time after a series 
of industrial thernval treatment regimes the 
rate of abrasion rises sharply at the begin- 
ning of the test (curve[i]) and has very high 
values even after wearing in the conjugate 
friction surfaces, 

It is also interesting to note the differ- 
ent variation in the value of the microhard- 
ness of the friction surfaces during the 
test. If the value of the microhardness 
after rapid cooling (Fig. 2, curve 4) in- 
creases continuously during the test, then for 
the friction surface treated by a serial 
regime it decreases with the passage of time 
(curve 1). 

The substructure of the a- and Y-phases 
undergoes a regular variation which is the 
same for all the treatment regimes during the 
test (see table): hardening processes 
( ‘cold work’) of the gamma-phase ( § small 
and €, large) and softening processes 
(‘‘tempering”) of the a-phase ( § large and 
€ , small) take place under severe friction 
conditions, 

It has been shown previously [2] that the 
magnitude of the cooling rate after case- 
hardening does not in practice change the 
nature of the carbide distribution throughout 
the depth of the case-hardened layer but 
affects the saturation of the carbide phase 
of the a- and ¥Y-solid solution with alloy- 
ing elements, in particular with chromium, 
Thus with a slow rate of cooling up to 40% of 
all the chromium in the steel goes from the 
solid solution into the carbides, With a 
high rate of cooling the chromium saturates 
the carbides and the solid solution in equal 
measure, 

4. The experimental data stated above indi- 
cate that the phase composition unambiguously 
determines the capacity of the steel to resist 
wear, To evaluate correctly the effect of the 
Y-phase on the wear-resistance of steel] not 
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only its content in the layer but also the 
substructure of the phases and the distribution 
of the alloying elements must be taken into 
account, 

In fact, if the substructure and the alloy- 
ability of the phases does not change (see 
No. 1-3 of the table) then with an increase in 
the concentration of the residual austenite 
the resistance to wear decreases as it has 
been the custom to consider in practice. In 
the case of the variation in the alloyability 
of the phases and their substructure (see No.4 
and 5 of the table) with the same phase com- 
position (cf. No.2 of the table) the wear- 
resistance increases. 

It is known that the solution of chromium in 
iron effectively influences the magnitude of 
the force of the interatomic bond in the 
crystals of the a- and Y-phases, Thus 
according to the data given in the works 
[8,9]. the change in the concentration of the 
chromium from 0 to 1% results in an increase 
in the energy of activation of the sel f-dif- 
fusion of @- and Y-iron by~ 2% Taking 
this into account with a variation in the 
cooling rate one must expect a variation 
in the magnitude of the energy of activa- 


tion of the self-diffusion, for example, of 


y -iron of 1000-1500 cal/g. aton™!, sucha 
variation in the energy of activation will 
influence the size of the self-diffusion fac- 
tor and the stability of crystals of a- and 
Y -iron. 

However the magnitude of the self-diffusion 
factor D increases only 1.5-2 times [9], and 
the ultimate strength is not greater than by 
5 kg x mm2 [10]. Taking into account that 
the abrasion process does not take place at 
high temperatures (in any case lower than 
700-800°) at which the self-diffusion proces- 
ses can exert considerable influence on the 
stability of the material one must not relate 
the hardening of the steel by the variation in 
the cooling rate to the decisive effect of the 
al loyability of the phases, 

Thus we come to the conclusion that in the 
case examined above the substructure of the 
a@- andy phases of the case-hardened layer 
determines its wear-resistance. 

As is seen from the table the magnitude of 
the cooling rate after case-hardening does 
not exert substantial influence on the fine 
structure of the a-phase crystals, In the case 


of a small] and a large cooling rate an intense 
breaking up of the crystallites takes place, 

a very inhomogeneous and high microdeformation 
of the crystal lattice of the a-phase. This 
is explained by the fact that irrespective of 
the magnitude of the cooling rate after case- 
hardening the nature of the a-phase crystal- 
lization does not change: in both cases it 
develops as a result of the martensitic Y-a 
transformation, With a high rate of cooling, 
however, purely diffusionless kinetics takes 
Place and with a slow cooling rate — inter- 
mediate kinetics [1, 11]. 

The magnitude of the cooling rate after 
case-hardening influences the nature of the 
fine structure of the ¥Y-crystallites, It 
follows from the data in the table that an 
increased cooling rate results in a small 
break up of the crystallites and in the small 
homogeneous microdeformation of the Y-phase 
crystal lattice, 

The above-mentioned effect of slow cooling 
on the structure of the Y-phase can be 
connected with the peculiarities of the Y-a 
transformation in type KhNVA [1, 2, 11,12]. 
Slow cooling results in the development of 
gradients of alloying elements and carbon in 
the microvolumes of the alloy, and also in an 
increase in the temperature of the Y-a 
transformation as a result of the redistri- 
bution of carbon in the intermediate trans- 
formation and as a result of this in a greater 
degree of deformation in the process of the 
Y +a transformation [12] (on account of the 
greater plasticity of the Y-crystals). 

The size of the microregion which has a 
carbon concentration gradient is obviously 
less or equal to the microvolume of the ¥Y- 
crystal in which the process of carbon redis- 
tribution takes place (1073 1074 cm [2]). 
A evaluation of the size x of microregions 
which have concentration gradients of the 
alloying (Cr, W) can be made by using the 
relation x?~Dt. where x corresponds to the 
way which the atom of the alloying element 
can take in the diffusion from the Y-crystal 
to the carbide phase in the time of slow 
cooling 7, Assuming that + + 10‘ sec and 
D <+ 10710 cm2/sec, we get for the regions 
with chromium gradients ¢ 1078 cm, 
Similarly for tungsten x, > 1076, 

Thus after slow cooling the crystal lattice 
of the ¥-phase has gradients of carbon and 
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alloying elements in the microregions adjoin- 
ing the carbide phase and undergoes intensive 
microdeformation which in tum lead to the 
above-mentioned diffraction picture of X-ray 
reflexion, 

In the abrasion process the substructure of 
the a- and ¥Y-phases undergoes, as has 
already been pointed out, a considerable 
variation. The different variation in the 
nature of the substructure of these phases in 
the abrasion process can be put down to the 
**cold-worked’’ a@- and ¥Y-crystals on account 
of the different effect of the heat of fric- 
tion. In conditions of excessive lubrication 
the momentary initial heating of the ‘‘working’ 
microvolumes of the alloy does not exceed 
400-500° [13]. At these temperatures the 
coefficients of self-diffusion in the a-phase 
are 3-4 times higher than in the Y-phase [14]. 
For this reason with all the other conditions 
being equal the coherence recovery processes 
and the removal of the microstresses take 
Place more intensely in the a-phase than in 
the -phase. 

It is an established rule that the wear- 
resistance of a heterophase a + y alloy is 
higher the greater the substructure of the 
Y -phase differs from that which characteri- 
zes the ‘‘cold worked’ state of austenite, 

In the case when the Y -phase has already 

been intensely ‘‘cold worked’? during the 
thermal treatment the wear-resistance is much 
lower (see Nos. 1-3 of the table). The optimum 
combination of ‘uncold-worked’” }-phase in an 
a + alloy ensures as is seen from the 
results of the present work high wear-resis- 
ting properties for an alloy. 

The time of effective resistance to wear for 
a given alloy microvolume can obviously be 
connected with the time of the transition of 
the ¥-phase to the ‘‘cold-worked” state, The 
rate of change in the mechanical properties of 
the alloy is clearly seen from the graphs in 
Fig.2: the microhardness of the alloy sharply 
cooled after case-hardening increases monoton- 
ously during the test up to saturation, while 
the microhardness of the layer which had been 
al ready ‘‘cold-worked” during the thermal 
treatment constantly decreases, 

It must also be noted that the alloy which 
has undergone sharp cooling after case- 
hardening has the further advantage in 
comparison with the case-hardened layer 


treated by a serial industrial regime that 

it contains a smaller amount of the a-phase 
which can be changed into the Y-phase in the 
friction process [15]. The a- Y transition 
and the appearance of the so-called ‘‘white 
zone” results in additional distortions of 
the crystal lattices on account of the dif- 
ference in the parameter of the coupling 
cells of austenite and martensite [15]. 

The dynamics of the variation in the sub- 
structure was studied in the present work for 
definite parameters in the friction process, 
In other conditions the kinetics of the 
process can be different but the principal 
position put forward in the present work 
holds true in a very wide range of conditions 
which characterize the friction process, 


CONCLUSIONS 


1. From the point of view of wear-resistance 
the optimum steel structure can be produced 
from the correct evaluation of the processes 
which take place in the active layer and it 
is determined from the kinetics of hardening 
or softening different structural constitumts 
in the friction process, 

2. The wear-resistance of the case-hardened 
steel layer is determined not only by the 
phase composition but also by the structure 


. of the phases, In accordance with this in 


the general case when the substructure and 
the phase composition vary the wear-resistance 
unambiguously depends on the austenite con- 
tent, 

The high resistance to wear in the friction 
conditions examined is attained with a con- 
siderable content of residual austenite in 
the case-hardened layer in which the crystals 
of the ¥-phase are in an ‘‘un-cold-worked” 
and the crystals of the a-phase - in a “cold- 
worked’ state, 

The authors express their gratitude to 
Professor L.S. Palatkin for valuable advice in 
the execution of this work, 


Translated by J, Murray 
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At the present time the X-ray diffraction 
data on the silicides of the high-mel ting 
metals of VIth group of the periodic table 
have been sufficiently well elucidated in 
literature. In particular, the data on the 
silicides of molybdenum and tungsten are 
specially important: Mo, Si, Mo MoSi .. 
There is a close analogy between the silicides 
of molybdenum and tungsten but up to the 
present the existence of silicide of the 
composition W,Si [2,3] has remained unestab- 
lished, 

From the data of the X-ray diffraction study 
of the phases of the Mo-Si, W-Si systems it 
follows that the heating to high temperatures 
(™1700°) of specimens of Mo and W alloyed 
from the surface with silicon is accompanied 
by transitions of the higher silicides to the 
lower with the precipitation of silicon, In 
addition as in the thermal diffusion of silicon 


into molybdenum and tungsten a substantial 
role displayed by the peculiar chemical] 
reaction which is influenced by the redistri- 
bution of the electrons in the s- and d-bands 
of the atoms of the metals which interact 
with the silicon, This reaction, taking into 
account the number of molecules in the volume 
of the elementary cell, is written in the 
following way: 


30 + 2MoSi, = 3 - 4Mo,Sis = 10 - 
+84Si 

2MogSi = 30 - 2Mo. 

+ 100Si + 120Si 
The coefficients in front of the numbers of 
the molecules indicates the number of elemen- 
tary cells. From this were found the volume 
percentages of the phases calculated on the 
basis of the literature data on the silicon 
compounds of molybdenum and tungsten [1] 


TABLE 1 


Atomic 


weight % Syngony /|Space group 


Molybdenum 


X-ray Volume 
density |percentage 
(g/cm?) of phase 


Mo Cubic of 


10.2, 38545 


Mo, Si cubic of 


8. 9n 48. 142 


Mo 37.5  |tetragonal| 


p17 


Mo Si, 66.7 tetragonal 4h 


6. 24 100, 0 


* Fiz. metal. metalloved., 8, No.6, 878-880, 1959. 
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Table 1 (Cont.) 


Molybdenum 


0 X-ray Volume 
ce, A density |percentage 
(g/ cm?) of phase 


Mo cubic 


3. 165 19, 26 38. 8+2 


Mo gsi cubic 


Mo tetragonal 


MOSi, tetragonal 


(Table 1). 

Taking into account this similarity it is 
natural to assume in accordance with the 
classical rule of isomorphism the existence 
of the silicide of the composition WaSi be- 
longing to the structural type & -W and to 
calculate its lattice parameter with accuracy 
influenced by the accuracy of the adduced 
parameters of al] the other phases, It was 
found that the value of the WeSi lattice para- 
meter was equal to 


a = 4,910 + 0,01A. 


With the object of confirming experimentally 
the fact of the existence of the silicide and 


WeSi, 
Fig. 1. Photograph of a section showing the 
formation of the silicides and Ws Sig in the 
silicidation of tungsten; xX 186. 


to determine its lattice parameter more pre- 
cisely we prepared specimens in which the 
WoSi phase was observed metallographically 
and by X-ray diffraction, 

Tungsten (99% W) cylindrical specimens 20 mm 
in diameter were saturated by the thermal- 
diffusion method in a neutral silicon medium 
(99% Si) to a depth of ~100u. As a result 
there formed layers of the phases: WSi, and 
WsSi, (Fig. 1). 

When these specimens are heated in air at 
~ 1700° a decrease in the thickness of the 
disilicide layer and a growth of the Ws Sig 
layer on the boundary with the tungsten and 
under the oxide film is observed (Fig. 2) in 
the metallographic study. On the W-WSi, 


Fig. 2. Photograph of a section showing the for- 
mation of the silicide of the composition Wa8i as 
a result of prolonged heating of the specimen in 

air at ~1700; X 186. 
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TABLE 2 
cubic system, structural type B-W, space group 
O8, 99, A, density 16.2 g/cm3, 


experimental 


calcul ated experimental 


110 
200 


3.47, 

2. 455 
210 2 236 
211 2.005 
220 1.73, 
310 1.554 
222 1. 41, 
320 1. 365 
321 1.31, ~ 
400 1.28, 1, 23 

411/330 1. 154 1. 15g 
42 1. 095 1.094 
421 1.07, 1.07 


1, 40 


1.04, 
1.00, 

0, 962, 
0.911, 
0.8965 
0, 868, 
0.842, 
0.829, 
0.818, 
0.8075 
0.796, 
0.7764 


1.00, 


boundary is observed the formation of the new 
phase — W38i from which an X-ray photograph 
was made using copper radiation (Fig. 3) 
after removing the upper layers. As is seen 
from the diffraction lines (200), (400), the 
new phase has a texture which is influenced 
by the texture of the tungsten specimens. 
W,Si and Mo,Si - a Silicide with a metal 
structure is formed as a result of the re- 
placement of the tungsten atoms by silicon 
atoms without the radical reconstruction of 
the tungsten lattice. 

The results obtained from interpreting the 
X-ray photograph are given in Table 2. 

By the assymmetrical backing of the film 
and extrapolation to 90° values for the 
lattice parameter a = 4,910 + 0.005 A and for 
the X-ray diffraction density of the new phase 
d= 16.2 g/cm? were obtained, 

In this way the existence of the silicide 
with the composition of W,Si was proved and 
its lattice parameter was determined, 


Translated by J, Murray 


Fig. 3. X-ray photograph obtained using copper 
radiation from a specimen after the removal of 
the upper layers. The lines of the W3Si phase 
(20), (400) of the tungsten are visible. 
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THE FINE STRUCTURE OF THE 


In much earlier work a hypothesis was set 
forth concerning the amorphous nature of 
intercrystalline zones. The hypothesis how- 
ever, met with great disapproval as it was not 
in agreement with many of the physical proper- 
ties exhibited by polycrystalline metals. 
Later another hypothesis was put forth concer- 
ning the existence of a transition zone between 
neighbouring crystals of differing orientation; 
in this zone were atomic planes with a gradu- 
ally increasing change from the orientation of 
the first crystal, to that of the neighbouring 
crystal [1]. 

In recent years a proposition was put forward 
and developed in a number of works abroad, 
concerning the dislocation structure of the 
intercrystalline «ones [1,2]. 

A dislocation model may be fairly easily 
constructed for low angle (less than 15°) 
boundaries. However, difficulties are en- 
countered in the construction of a dislocation 
model for boundaries in which there are large 
misorientations between the crystals. For 
this type of boundary the “island” model has 
been suggested, which in schematic form is 
represented by alternating sectors of good and 
bad fit in the boundary zone between crystals 

1}. 

+ more universal model for intercrystalline 
boundaries been suggested by [3]. This model, 
based on the principle of a two-dimension 
vernier, may be used for all degrees of mis- 
orientation between crystals. In this model, 
intercrystalline linkage is characterized by 
the lack of a sharply defined surface separa- 
ting the crystals, the mul]ti-atom depth of 


* Fiz. metal. metalloved., 8, NO.6, 881-884, 1959. 


INTERCRYSTALLINE TRANSITION 
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the transition zone and the difference in the 
distribution of atoms in it compared to the 
correct crystal lattice. The linkage of 
lattices is based on the assumption of the 
existence of a skeleton consisting of coherent 
fields in the intervals between which there 
is a gradually increasing loss of cohesion, 
The greatest disregistry of the crystal order 
of distribution of the atoms occurs in regions 
of the transition zone halfway between neigh- 
bouring skeleton series, 

From these islands of order there proceeds 
a gradually increasing irregularity in the 
arrangement of the atoms, both in the direc- 
tion normal to the boundaries of each of the 
crystals, and along the boundaries of each of 
the neighbouring skeleton series, 

The intercrystalline zone model proposed by 
Arkharov has, as the writer observes, been 
but poorly tested in experiments and remains 
to a large extent hypothetical. In the light 
of this, the experimental investigations of 
the fine structure of intercrystalline tran- 
sition zones are of great interest. 

This paper describes the attempt to carry 
out these investigations with the aid of an 
electron microscope. The tests were carried 
out on test pieces of hot rolled mild steel 
after hot forging and annealing (heating to 
1100°, holding 3 hr followed by slow cooling 
in the furnace), 

Microspecimens were prepared by electrolytic 
polishing and etching, as described in [4]. 
Electron microscope examination was carried 
out be means of collodion films shadowed with 
chromium, and carbon films. The advantage of 
the latter consists in the fact that a suf- 
ficiently contrasty representation of the fine 
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structure is possible without additional tint- 
ing. This is very important for studying the 
peculiarities of the fine crystalline struc- 
ture at high magnifications, 


CORSE 


1. Electron micrograph of the fine structure of 
twin-oriented ferrite grains, and the transition 
zone between them. Colloidal film, chrome shading; 


X 13, 500. 


Fig. 1 shows an electron micrograph of two 
adjacent grains and the transition zone be- 
tween them. One deduces from the relative 
orientations of the blocks, that the grains 
are twins, Due to the very small misorienta- 
tion of the grains, the transition zone be- 
tween them is the minimum possible depth and 
very low in contrast. However, a close 
examination reveals that the blocks are 
slightly finer in the transition zones than 


in the linking grains. 


Fig. 2. Electron micrograph of the fine struc- 
ture of ferrite grains having small relative mis- 
orientations, and the transition zone between then. 
Carbon film; x 18,000. 


Fig. 2 shows the transition zone between 
grains with a fairly slight difference in 
orientation, The depth of the zone varies 
from 0.08 to 0.16 microns, The grains con- 
sist of laminar blocks whose boundaries are 
represented by chains of etch pits, These 
etch pits appear to correspond to the terminal 
points of dislocations [5]. The intergranular 
transition zone also has a block structure 
with boundaries consisting of a series of 
etch pits. However, the etching propensities 
of the transition zone are less, and the 
etch pits show less contrast; there is a 
somewhat greater regularity of the series of 
points than is the case in the grains, The 
boundary sections of the intergranular tran- 
sition zone are eroded as a result of the 
‘‘wedging” of grain blocks in the block struc- 
ture of the zone, Fig.3 shows a similar 
picture, 


3. Electron micrograph of the fine structure of 
ferrite grains and the transition zone between 


them. Carbon film; xX 7200. 


Fig. 4 shows an electron micrograph of the 
fine crystalline structure of a fairly wide 
(about 0.8 microns) transition zone between 
two differently oriented grains, In one of 
the grains, there is, besides the blocks, a 
network of sub-grain boundaries [6]. The 
etching propensities of the zone are slightly 
different from the grains, but the peculiari- 
ties of its block structure are visible quite 
clearly. In the narrow etched out zone of 
transition from the grain to the inter-granular 
zone, the nature of the block structure 
becomes gradually the same as the block 
structure of the grain, It may be seen that 
the frequency of the nets of series of etch 
pits increases with distance from the grain 
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into the transition zone, The maximum density 
of distribution of the etch pits and the fine 
blocks is to be found halfway through the 
transition zone. Attention should now be 
turned to the “boundaries” of the sub-grains, 


Fig. 4. Electron micrograph of the fine structure 
of ferrite grains of considerable misorientation, 
and the transition zone between them. In one of 
the grains there is a network of sub-boundaries. 
Carbon film X6750. 


which are also transition zones, very similar 
in their fine structure to the intergranular 
transition zones. 


Fig. 5. Electron micrograph of the fine structure 
of ferrite grains having different misorientations, 
and the transition zomes between them. The arrows 
indicate the intergranular transition zones. 

Carbon film; X7200. 


Fig.5 shows the fine structure of sectors of 
some adjacent grains and the transition zones 
between them, The transition zone between the 
grains 1-2 is very narrow which fact evidently 
must be related to a twin orientation of the 
block structure of these grains, 


The depth of the transition zone between 
grains 2-3 is about 0.5 microns, This zone 
has a fairly fine block structure with highly 
complex orientation, 

The electron microscope examinations descri- 
bed are, in our opinion, to a very large 
extent in agreement with the model of a semi- 
regular intercrystalline transition zone 
proposed hy Arkharov, and enable certain 
details of this model to be clarified. 

The semi-regular fine structure of the 
intercrystalline transition zone in mild 
steel is formed of blocks, The existence of 
blocks within the grains themselves, and 
bounded by a series of dislocations, offers 
very favourable conditions for the formation 
of the block structure of the transition zone 
and the fused crystalline linkage of this 
zone with the grains. 

As regards the model of the semi-regular 
intercrystalline transition zone itself, the 
blocks appear as an area of regular structure 
while the boundaries of the blocks are layers 
of deformed structure, The dislocation and 
the network density of dislocated series grow 
with the distance into the transition zone 
from the grain. As proposed by the model, 
the greatest disruption of the crystal order 
or atom arrangement is observed in sectors 
halfway through the transition zone. The 
depth of the transition zone and the increased 
density of the networks of dislocation series 
are determined by the relative vrientations 
of the crystals, The greater the misorien- 
tation of linked grains, the wider will be the 
intergranular transition zone and the greater 
the difference in the size of the blocks and 
the density of dislocation between the peri- 
feral and central sectors of the zone, 

As formation of intercrystalline transition 
zone occurs at high temperatures and is, 
apparently, accompanied by plastic deforma- 
tion [5,6], it may be suggested that the fine 
structure of this zone is further complicated 
(distorted) by the process of polygon forma- 
tion which occurs fairly intensively at high 
temperatures, 


Translated by V. Alford 
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THE FORMATION OF A CUBIC TEXTURE IN FERRO-SILICON ALLOYS* 
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Silicon sheet steel with oriented grains is are those of easiest magnetization. The 
widely used in the electrical industry; it magnetic properties of this kind of cubic- 


has a texture of type (110) [001], that is, textured transformer sheet steel are without 
in most of the grains the planes (110) are doubt better in many respects than those of 
parallel to the rolling plane and the direc- steel with a (110) [001] texture, 

tions [001] are parallel to the a of The formation of the kindof cubic texture 
rolling (Fig.1,2). As [001] is the direc- described above is referred to in ferrosili- 


tion of easiest magnetization in the mono- 
crystals of silicon iron magnetic pemeabil- con alloys by, for instance, Sixtus [1] and 


ity will increase as the texture increases in Gol’dmann and Druzhinyi [2]. However, a 
perfection, the loss in the core will be reduced. highly perfect cubic texture, such as is 

In the last 25 years much research has been found in most face-centred cubic metals, is 
devoted to the question of the formation of but seldom achieved in silicon iron [3-5]. 
this type of texture in silicon iron, At the | Experimental results show [4] that a trans- 
same time there has been the hope of achieving former made out of sheets with a cubic tex- 


a cubic texture of type (100)[00i] in this ture, has a considerably lower energy of 
kind of material Fig.1,6). In material with loss at all inductions, while at 17,000 c/s 
this type of cubic texture it is the direction the losses are around 60% of those of a 
of rolling and the transverse direction which transformer made of steel with the usual 


Fig. 1. «a — diagram of texture (110) [001] in silicon iron; 
b — diagram of texture (100) [001] in silicon iron. 
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texture (110)[001]). It is obvious from this 
that this new direction of development of 
magnetic materials will have considerable 
importance for the electrical industry. 

In this report some of the results are 
described of our research into the formation 
of the cubic texture in ferrosilicon alloys 
containing 3.25% Si. It was found that in 
this alloy, it was possible to achieve a 
cubic texture either by a process of secondary 
recrystallization or simply by primary re- 
crystallization. Furthermore, it was clear Fig. 2a. Diagram of sheet silicon iron on secon- 
that there may, in silicon irm, be a par- dary recrystallization. 
tially cubic texture from cold rolling, if 
preliminary rolling has been in the direction 
[001] and the plane of rolling was not too 
different from plane (100). After annealing 
the recrystallization grains had for the most 
part the orientation (100) [001i]. This obser- 
vation is in agreement with published works 
of Chen and Maddin “The texture of cold rolling 
and annealing of molybdenum monocrystals’’ [6 ] 
and Walter and Hibbard ‘‘The Texture of Cold- 
Rolled and Recrystallized crystals of Silicon 
Iron” [7]. 


THE EXPERIMENTS AND THEIR RESULTS 
Fig. 2b. Etching figures of the cubic faces of 

The ferrosilicon alloy with 3, 25% Si was silicon iron. 
produced in an electric arc furnace, It was 
oxidized and held in a vacuum during pouring. 
The ingots were rolled in the hot state to 
the required thickness and then annealed at a 
temperature of 850°. Different variations of 
cold rolling and intermediate annealing were 
tried out, Final] annealing was carried out 
in an alundum tubular furnace under a vacuum 
of 10-4 mm, Hg col. The textures were analy- 
sed by X-ray diffraction, from the construc- 
tion of the pole figures, For coarse-grained 
samples the Laue method of reverse reflexion 
was used for the determination of the orien- 
tation of individual grains, 

Secondary Recrystallization. With one sys- 
tem of cold rolling and annealing (system 4A) 
secondary recrystallization in the test piece 
could be obtained on final high temperature 
annealing. Fig. 2a shows a photomicrograph 
which demonstrates the external form of the 
piece after the commencement of secondary 
recrystallization, In the photomicrograph the ig. 3. Orientation of 32 secondary grains in 
white sectors represent secondarily recrystal- silicon iron, pole figure (100). 
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lized grains which have cubic orientation, 
while the dark sectors represent primarily 
recrystallized grains, (Etching was carried 
out in a 25% solution of HNO 3). In Fig, 2b it 
can be seen that in the grains with cubic 
orientation, the etching figures are of a 
typically square shape which corresponds to 
the sides of a cube. (Etching agent: FeSo ,- 
100 gs,, concentrated - 10 cc., dis- 
solved in 1 ], H,0). Using the Laue method, 


Fig. 4. 


the orientation of thirty-two of the large 
grains was determined, after secondary re- 
crystallization. These orientations are 
plotted in Fig.3. The pole figure obtained 
in this way clearly shows a well-defined 
cubic texture in the test piece after secon- 
dary recrystallization, The dispersion in 
the orientation of planes (100) is approxi- 
mately + 5° while in direction [001] it is 
around + 15° This result is similar to that 


Pole figures (100), showing the development of the cubic texture on pri- 


mary recrystallization in silicon iron at increasing temperatures for the final annealing; 
a — immediately after complete recrystallization; 6-d — increasing annealing temperatures 
- (100) [001]; (110)[001]; A (111) [112]. 
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200° 


Fig. 5. Curve of magnetic torque of test piece with cubic texture 
(solid line) and with texture (110) (001) (dotted line). 


6a-d. Photomicrographs showing the development of the cubic texture in silicon 
iron in stages corresponding to those shown in Fig. 4a-d. 
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achieved by previous research workers [3-5]. 
Primary Recrystallization, It has already 
been noticed that it is possible to achieve a 

cubic texture in the monocrystals of molyb- 
denum [6] and of silicon iron [7] after 
primary recrystallization. The same mechanism 
has been found to take place in the present 
research programme, where the starting material 
is a polycrystalline silicon iron, This is 
illustrated by Figs.4a-d. First of all the 
prescribed test piece was rolled in the cold 
state and annealed according to the second 
system (system B). On completion of cold 
rolling the cubic texture of cold rolling was 
already observed on the pole figures, After 
final annealing at a low temperature a re- 
crystallized cubic texture was obtained as the 
main component of the texture (Fig.4ca). Other 
weak components of the texture were (110) [001] 
and (111) [113], which were also recrystalli- 
zation textures, When the temperature of the 
final annealing was increased (Fig.46), tex- 
ture (111) [113] disappeared first, while tex- 
ture (110)[001] still remained. With further 
increase of the final annealing temperature 
(Figs.4c¢ and d), texture (110) [001] became 


appreciably weaker and texture (100) [001] 


correspondingly stronger. The degree of 
preferred orientation of the grains was 
measured by the rotating magnetic pendulum, 
The number of (100) [001] orientations counted 
by this method was around 90% The experimen- 
tal curve is shown in Fig.5. 

Deep etching is used for the metallographic 
detection of the various types of annealing 
texture in the process of the development of 
the cubic texture of the sample, in accordance 
with the conditions shown in Figs. 4a-d. 

Figs. 6a-d show a series of photomicrographs 
of these samples,. Here again, the cubic 
orientations of the grain are clearly visible 
after etching, while the grains with orienta- 
tion (110) [001] are quite dark. It may be 
seen from Fig, 6a that a fairly large number of 
cubically orientated grains have already 
formed at a low temperature of recrystal] iza- 
tion. After this there is a growth of grains 
of all orientations, but that of the cubically 
orientated grains is greatest. The increased 
cubic texture at very high temperatures of 
annealing is, therefore, the result of ordinary 
grain growth, This distinguishes it from the 
secondary recrystallization described above, 


CONCLUSIONS 


1. The fact that a cubic texture may be 
obtained in silicon iron by either primary or 
secondary recrystallization is remarkable for 
two reasons, Firstly, it indicates that 
there is a broad and general basic principle 
behind the production of high grade trans- 
former sheet steel with a cubic texture. 
Transverse rolling is not necessary for the 
production of this steel, nor is rolling with 
special compression or any other specific 
process. Secondly it indicates that the 
changeable ‘‘cubic texture” which is obtainable 
in many face-centred metals and alloys, is 
not a property existing only where there is 
a face-centred cubic lattice. A cubic tex- 
ture in a body-centred lattice, besides being 
a practical possibility which would improve 
the magnetic properties, is a subject of 
great scientific interest, VOL 

2 It has been observed that the formation 8 
of a cubic texture by secondary recrystal- 
lization does not include the formation of 
nuclei, Nuclei with orientation (100) [001] 
already exist after primary recrystallization 
and are in most cases surrounded by grains 
with orientation (110)(001}. There is a 
pronounced and accelerated growth of the 
cubically oriented grains, while the normal 
growth of other primary grains is limited, 

The process, therefore, which is coventionally 
referred to as “‘secondary recrystallization’’ 
is not in fact a “recrystallization” process 
in its true meaning. In the case under review 
the secondary recrystallization may be regar- 
ded simply as a process of increased grain 
growth, 

3. The conditions which determine the for- 
mation of a cubic texture on primary recrys- 
tallization with cold-rolling and annealing 
of polycrystalline silicon iron, are the same 
as those already described for monocrystals 
[6,7]. A sharply defined cubic texture is 
already present under cold rolling conditions, 
then, with a low-temperature annealing, the 
cubic texture of annealing is obtained. This 
is the process of so-called ‘‘recrystallization 
in the moment of formation”, which has been 
widely studied in aluminium and other metals, 

The writers wish to extend their thanks to 
collaborators in the Iron and Steel Research 
Institute for providing the ferro-silicon 
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alloy used in these investigations, 3. F. Assmus, R. Boll, D. Ganz and F. Pfeifer, Zs. 
Metallk. 48, (6), 341 (1947). 


4. J.L. Walter, W.R. Hibbard, H.C. Fiedler, 
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THE COMPONENTS OF SPECIFIC LOSS AND 
MAGNETIC PERMEABILITY OF DYNAMO 
STEELS ALLOYED WITH PHOSPHORUS* 

S.I. DOROSHEK and V.V. DRUZHININ 
Urals Ferrous Metals Research Institute/Verkh-Isetsk Metal Works 
(Received 17 June 1959) 


In the hot-rolled dynamo steels produced in 
this country according to GOST 802-58 (E11, 
E12, E13, E21 and E22), the main component of 
specific loss is hysteresis loss: at a point 
Pio/50 these losses amount to 1,6-2.2 wkg at 
overall losses of 2,1-30 Wkg; loss from 
eddy currents is about 0.5-0.8 Wkg. Calcu- 


lating the loss due to eddy currents by the 
formula known and used in paper [1], for a 
sheet thickness of 0.5 mm and specific elec- 
trical resistance of 0. 35-0. 24 ohms/mm?/m, 


the resulting figure for foe 
The difference between the actual P - and the 
calculated P, . losses on eddy currents, which 
is known as additional loss, is 5-10% for 
dynamo steel (it is about 50% for transformer 
steel E43). With coarser grain there is 
usually an increase in additional loss [2] but 
at the same time there is a sharp fall in 
hysteresis loss, As, therefore, when dynamo 
steels are heated to temperatures exceeding 
950-1000°, grain refining occurs in some cases 
(as a result of phase recrystallization), 
while in others the grain becomes coarser (as 
a result of collective recrystallization), 
positive results are not always achieved by 
raising the temperature of annealing of dynamo 
steels for the purpose of improving their 

qual ity. 

Meanwhile, it is well known that specific 
losses may be considerably reduced if dynamo 
steel is alloyed with phosphorus, which 
increases grain size and electrical resistance 
and thins out the gamma field, making possible 
the effective use of high-temperature treat- 


ment [3]. 


* Fiz. metal. metalloved. 8, No.6, 892-895, 1959. 


is 0. 4-0.5 W kg. 


We have studied the components of loss of 
dynamo steel alloyed with up to 0.36% and 
having various grain sizes. The investiga- 
tions were carried out on sheets 0.5 mm thick, 
produced by forging and hot rolling (accord- 
ing to the production process used in the 
Verkh-Isetsk Works) ingots weighing 35 kgs, 
which were produced from induction furnaces, 

The Si content of the sheets was 1.8%, C 
was 0.03%. Other additions (Mn, Cr, S) did 
not exceed the limits accepted for industrial 
dynamo steels, The P content varied between 
0.03 and 0.36% 

Strips of steel 250 x 30 x 0.5 mm, in 
packs, were annealed in a vacuum (residual 
pressure 107! mm Hg) at temperatures of 850, 
950, 1050 and 1150° for 4 hr and then allowed 
to cool together with the furnace, 

The following results were obtained from 
magnetic tests carried out on these samples. 

In the steel which was not alloyed with 
phosphorus (P = 0.03%), there was coarsening 
of the grain at higher temperatures and a 
noticeable reduction in hysteresis loss 
(Table 1), Parallel with a certain reduction 
of specific electrical resistance, which 
appears to be caused by the partial removal 
from the solid solution of elements which 
possess electrical resistance (Si, C, Mn), 
there is an increase in calculated loss due 
to eddy currents (from 0.36 to 0.44 Wkg) 
and, because of the grain coarsening, there 
is a noticeable increase in additional losses 
(from 0.17-0.51 Wkgs). 

When phosphorus is added to the steel a con- 
siderable coarsening of the grain is observed, 
which leads to reduction of the hysteresis 
loss. Table 2 gives figures for the components 


Specific loss and magnetic permeability 


TABLE 1 


Effect of annealing temperature on grain size, specific electric resis- 
tance and losses in dynamo steel without phosphorus 


Annealing No. of Specific Pi /50 WkKes 
temperature grains resistance 
% per mm2 ohm. mm2/m Protal Ph 


850 200 z 2. 20 1.67 
950 150 0. 38 2.03 1.55 
1150 30 30 2.05 1. 10 


of loss, grain size and specific electrical 6 times while hysteresis loss at point P 10/50 
resistance of dynamo steels with varying P is reduced from 1.67 to 1.04 W/kg. This very 
contents, all annealed at 850°. It can be considerable reduction in hysteresis loss is 
due to the reduction in coercive force (Fig.1). 
The smal] reduction in losses due to eddy 

UBS currents is brought about by a certain in- 
crease in the specific electrical resistance 
under the influence of the phosphorus, 

It is interesting to note that, despite the 
sharp increase in grain size (from 200 to 35 
grains/mm2), the increase of additional losses 
is quite low (from 0,17 to 0.25 W/kgs). Such 
a phenomenon cannot be explained by increased 
resistance alone, It is also difficult to 
suggest that the phosphorus has a similar 
influence on additional losses, causing 
. separation of the dispersoids, as that which 

O55 COS D061? 02a 048 YoP has been observed from carbon [4] in steel 

(even at room temperature phosphorus dissolves, 
up to about 1.2%, in a iron) [5]. It appears 

Fig. 1. Bffect of phosphorus and annealing ten- that the phosphorus influences additional 

perature on the coercitive force of dynamo steel: 

1 - 850°: 2- 950°: 3 - 1150°. losses, not only via the grain, but also 
because of its immediate effect on the nature 
of the ferromagnetism and the structure, 


seen from the Table that, when the P content The beneficial effect of the phosphorus on 
is increased to 0. 36%, the grain size increases additional losses is particularly perceptible 
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TABLE 2 


Effect of phosphorus on the components of specific loss and on specific 
electric resistance and grain size 


No. of Specific WKes 
grains resist ance 
per mm2 ohm. mm 2/m Protal 


200 0.380 | 2. 20 
160 0.375 2.07 
120 0. 385 1.91 

35 0. 420 1.61 


the 
0. 36 0.17 
0. 36 0.12 
0. 44 0.51 
8 
959 
P content 
Pa 
0.03 1. 67 0. 36 0.17 : 
0.12 1.37 0.34 0. 20 ; 
0.36 1.04 0:32 0. 25 


Specific loss and magnetic permeability 


if its influence on grain characteristics is 
excluded, that is, at constant grain size. 


§ 


§ 


Magnetic permeability 


: 


003 O06 O12 Q24 
Fig. 2. Effect of phosphorus on the initial 
magnetic permeability at various annealing ten- 
perature 1 - 850°; 2 - 950°; 4 hr; 3 - 1050°, 


4hr; 4 -1150°, 4 hr. 


Table 3 gives the changes in the components 
of specific loss with various amounts of 
phosphorus and a practically constant grain 
size (10-15 grains/mm2), with high temperature 
(1150°, 4 hr) annealing. It will be seen from 
the table that, with increasing P content and 
constant grain size, there is a reduction in 
additional losses, 


A comparison of the figures in Tables 2 and 
3 shows that phosphorus has in istelf a re- 
straining influence on the change of addition- 
al losses due to grain size, 


9000: 


6000 


mum permeability 


5000 
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Fig. 3. Relation between maximum permeability and 


phosphorus content of dynamo steel; 
1 - 850°, 4 hr, 
4 — 1150°, 4 hr. 


2- 950°, 4 hr; 3 — 1050°, 4 hr; 


Additions of phosphorus to the steel] have a 
beneficial effect in increasing the magnetic 
permeability in weak andmedium fields, as may 
be seen from Figs.2 md 3. The highest 
figures for maximum permeability are reached 
at a rather lower annealing temperature (1050°) 
than the highest figures for initial magnetic 
permeability (1150°). 

A similar phenomenon is not infrequently 
observed in a 4% —- Si steel] [6-8] and is, 
apparently, due to the same causes as those 
which lead to reduction of permeability in 
the strong fields of coarse grained transfor- 
mer steel [9]. 


TABLE 3 


Effect of phosphorus on the components of specific loss, on specific 
electric resistance and grain size, with high temperature vacuum 
anneal ing 
(T =1150° 4 hrs.) 


Specific 
resistance 
ohm. mm2/m 


P 10/50’ WKes 


Protal 


0. 310 
0. 320 
0. 370 


1.96 
1.82 
1. 46 
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P content grains 
0.06 1.03 0. 50 0.43 
0.12 0.96 0.47 0.42 
0. 36 0.74 0.36 0.36 


Specific loss and magnetic permeability 


CONCLUSIONS 


1. Small additions of phosphorus to dynamo 
steel lead to: 

a) reduction in hysteresis loss due to grain 
growth; 

b) reduction in loss from eddy currents due 
to increased specific resistance. 

2. In coarse grained dynamo steel (10-20 
grains/mm2) increased phosphorus content leads 
to a marked reduction in additional losses, 

3. Under the influence of phosphorus the 
levels of initial and maximum permeability 
are higher, 


‘Translated by V. Alford 
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ON THE NATURE OF THE STRAIN HARDENING WHICH 
OCCURS WHEN QUENCH HARDENED 


HIGH-SPEED STEEL 


1S TEMPERED* 


P.M. YUSHKEVICH 
Ukrainian Pipe Research Institute 
(Received 4 May 1959) 


It has been shown in papers [1-4] that 
secondary hardness occurs as a result of 
secondary martensitic transformation, How- 
ever, in paper [5] the opinion has been 
expressed that secondary hardness is not only 
the result of the transformation of residual 
austenite and martensite, but also of the 
dispersion hardening of the martensite and 
residual austenite. In paper [6] it has again 
been shown that secondary hardness is the 
result of the breakup of the martensite with 
the immediate formation of finely dispersed 
special carbides and the transformation of the 
cementite carbides into special carbides, 

There are currently, therefore, two points of 
view on the nature of secondary hardness, 

The work here presented was undertaken with 
a view to clearing up the nature of the secon- 
dary hardness and red hardness of high speed 
steel, and getting a more precise idea of the 
temperature ranges of carbide transformation, 
and of studying transformations in the fine 
crystalline structure of the a and ¥-phases, 


Three types of high speed steel were selec- 
ted for these investigations: R18, 150R18 
and E1184, the chemical compositions of which 
are set out in Table 1. 

The test pieces were quenched in oil with 
trensfer to iced water with austenitization 
temperatures of 190° for steel R18, 1200° for 
150R18 and 1240° for E1184. Tempering was 
carried out in a vacuum furnace, 

Measurement of the parameters of the crystal 
lattices, fields of coherent dispersion 
(blocks), distortion of the II and III type, 
was carried out on round test pieces 1 mm in 
diameter and flat pieces 4 x 8 x 20 mm in 
size respectively, in a powder chamber 149 mm 
across and on an ionization apparatus URS-501 
in iron radiation. 

Measurement of the size of the blocks and of 
distortion of the II type was made on the 
(110) and (211) reflections @ phase, and (111) 
and (311) of the Y phase, in accordance with 
the method described in papers [10,11] in 
conditions in which the distribution of 


TABLE 1 


Chemical composition, % 


Mark of steel 


P18 


150P18* 
184 


+ Experimental 


* Fiz.metal.metalloved. No.8, No.6, 896-903, 1959. 
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1.50 18.0 0. 26 0.15 0.010 | 0.027 
|| 0.87 4.9 0. 32 0.17 0.016 | 0.025 


Strain hardening 


intensity was defined as a gaussien function. 
The lattice parameters and the amount of 

residual austenite were checked both on the 

(110) and (111), (211) and (311) reflections, 


THE RESULTS AND EVALUATION OF 
THE INVESTIGATIONS 


Steel R18. In the annealed state the steel 
consists of 67% martensite, 18% austenite and 
15% carbides, The extent of II type distor- 
tion and the size of the blocks were measured 
on the test pieces in the temperature range 
300-760° at holding times of: 4 hr at tem- 
peratures above 540° and 8 hr in the range 
300-5409, with the aim of appruximating the 
a-hard solution to the metastable ‘‘rigid’’ 
state. 

As can be seen from Fig.1, in the range 
640-760°, distortion of the II type changes 
parallel with hardness, which confirms the 
conclusions to papers [12-14]. Exceptions to 
this rule discovered between the two maxima 
(400-520° and 560-640°) may be explained by 
superimposing the effects of concentration 
heterogeneity and tetragonality, which are 
not allowed for in the method set out in 
papers (10,11). In this work an attempt has 
been made to make a qualitative evaluation of 
these effects, 
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Fig. 1. Relation between hardness (curve /), 
quantity of carbon (curve 2) in martensite [7], 
size of blocks (curve 3), summated distortions 4 
a/a (curve 4) and type II distortions (curve 5), 
and temperature of tempering for steel R18. 


From Fig. 1 it follows that the carbon con- 


tent of the martensite [7] is steadily 
reduced as the tempering temperature in- 
creases, until about 540-560°, where it 
reaches the equilibrium state in the a@ phase, 
From this it may be anticipated that the 
expansion ‘of the interference lines due to 
tetragonality, will also be steadily reduced 
until, in the range 520-560° it reaches an 
almost zero value. Furthermore it is well 
known that there is a steady reduction in II 
type distortion with increasing tempering 
temperatures for quench-hardened steels, 

Proceeding from these figures it may be 
proposed that every deviation of curves4a/a 
from a steady course may be attributed to 
concentration heterogeneity of the a-hard 
solution, 

In the 520-560° range, where Za/a has its 
minimum value, when the martensite breaks up 
into a ferritic-carbide mixture, JZ a/a is 
attributable, in the main, to distortion of 
the II type. This is confirmed by that dis- 
tortion 4.e/a in the @ phase and residual 
austenite, having passed through dispersion 
hardening on the steel reaching maximum hard- 
ness, now remain the same, 4.0-4.5 x 103 (See 
Fig. 4), which is only possible if no conce- 
tration heterogeneity is present in the a 
solution, A second confirmation of the 
accuracy of this view is given by the fact 
that, if the graph in Fig.1 is reconstructed 
in the graph J4a/a = (Hp) the straight 


section corresponding to the temperature 
range 640-670° is extrapolated in the range 
520-560°. From this, the emergence of maxima 
on the curve J a/a may be accounted for by 
the superimposing of distortions 4a/a, which 
are determined by the concentration hetero- 
geneity (sectors between curves 4 and 5) on 
distortions of the II type (dotted curve 5). 
When the tempering temperature is increased 
from 380 to 450°, with a slight increase in 
growth of the blocks of martensite, the con- 
centration heterogeneity become noticeably 
greater. This is apparently due to the trans- 
fer of cementite type carbides, which are the 
poorest alloying elements and the greatest 
dispersing ones, to the chromium carbides, 
This bears out the findings in papers [8,9] in 
which the possibility of the formation of 
cementite type carbides is pointed out, and 
their transformation, in the 400-450° range, 
into chromium carbides, The concentration 
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heterogeneity of tempered martensite, which 
increases with transfer of cementite carbides 
to chromium carbides, may be determined by 
irregular distribution of chromium and carbon 
in the martensite, 

The reduction in 4a/a which occurs above 
450° is evidence of the levelling out of cm- 
centration heterogeneity in tempered marten- 
site. The fact that this reduction is accom- 
panied by an increase in hardness (Fig. 1) 
shows that concentration heterogeneity does 
not effect the strain hardening of the steel 
on dispersion hardening. This is particularly 
obvious in the 520-560° range, when concen- 
tration heterogeneity is practically non- 
existent, while the hardness of the steel 
reaches its maximum, 

Concentration heterogeneity of the a solution 
in the 560-640° range is accompanied not only 
by a fall in hardness, but also by marked 
growth of the blocks and relaxation of II type 
distortion (dotted curve 4), and could be 
explained by the transformation in the 380- 
-520° range, of the remaining undissolved 
cementite carbides, richer in alloying 
elements, into carbides of vanadium and 
tungsten with consequent coalescence. The 
reduction in concentration heterogeneity above 
600° occurs, apparently, at the same time as 
the coalecence of the carbides of vanadium and 
tungsten. The growth of the a phase blocks 
and the reduction of type II distortion are 
determined by the coalescence of the carbides, 

Between 620 and 650° there is a marked 
brake-up of the blocks, and a halt in the loss 
of hardness and type II distortion, According 
to the findings in paper [9], there is in 
this range an intensive enrichment of the 
carbides of vanadium and tungsten with vanadium 
and tungsten respectively, which may lead to a 
considerable change in their specific volume 
and, as a result, to break-upof the blocks and 
growth of II type distortion and hardness 
(See Fig. 1). 

From a study of the kinetics of the softening 
of steel] R18 the energy of activation has been 
calculated according to the rate of growth of 
the a phase blocks (Fig.2). Up to 620° it 
comes to 60 kcal/mol, while above 650° it is 
80 kcal/mol. This shows that, up to 620° it 
is the diffusion processes of the solution of 
cementite type carbides and the coalescence 
of chromium carbides, which act as checks in 


the growth of a@ phase blocks, while above 
650° it is the coalescence of the vanadium 
and tungsten carbides. This is because the 
chemical affinity between the atoms of 
chromium and carbon is less than that between 
those of vanadium or tungsten and carbon, s0 
that the coalescence of chromium carbides and 
the growth of @ phase blocks will take place 
with greater intensity up to 620° than will 
the coalescence of vanadium and tungsten 
carbides and the growth of a phase blocks at 
650°. This explanation fits in both with the 
figures obtained for the energy of activation, 
and with those for the rate of growth of the 
a phase blocks below 620° and over 650° 
(Fig. 2). 

To make a more detailed analysis of the 
processes which occur on tempering, the system 
widely used in industry, of repeated tempering 
at 560° was also studied. It can be seen from 
Fig. 3 that at 560° there is in the course of ten 
seconds, a loss of hardness from 63 to 60 
units, similar to that which occurs at 350° 
(see Fig. 1). At the same time there is a 
sharp diffusion-less increase in the lattice 
parameter of the residual austenite, from 
3,608 to 3,635 &, amalgamation of the marten- 
site with carbon from 0.47 to 0.31% (this may 
be seen from the width of line (110), and 
relaxation of the II type distortion in the 
martensite. When the residual austenite is 
discharged in this way, plastic deformation 
occurs and is expressed by the brake-upof the 


© %70°580 620 660 700 740 730 
Tempering temperature, °C 


Fig. 2. Relation between the rate of growth of 
a phase blocks and tempering temperature 
(initial state of test pieces - thrice repeated 


tempering at 540°). 
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blocks. The impoverishment of the martensite 
for this short time suggests the formation of 
carbides of the cementite type. 
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Fig. 3. The relation between the size of the 
blocks D (curves 1 and 2) distortions J o/a 
(curves 3 & 4) lattice parameters, residual 
austenite (curve 5) amount of phases (curves 6 
& 7) and hardness in R, units (curves 8 & 9), and 
the number and duration of tempering treatments 
for steel R-18. 

Solid lines - after quenching at 1290°; 

dotted lines - after quenching at 1280°. 


Subsequently, a 5 min thrice-repeated ten- 
pering leads to the rapid impoverishment of 
the residual austenite (the lattice parameter 
is reduced from 3.625 to 3616 %), breakdown 
of the a-phase blocks from 3 to 1.75 x 1076 
cm., further reduction of the summated J a/a 
and increased hardness of the steel; here 


radiography did not disclose secondary marten- 


sitic transformation. Increased hardness up 
to 65 units is accompanied by the further 
impoverishment of the residual austenite 
while the size of the blocks and the type II 
distortion of the @-phase remain constant 
until a fifth tempering. In this case secon- 
dary martensite transformation is observed 
(when the lattice parameter reaches 3.614 4). 
Further increase in the number of temperings 
leaves the steel at the same hardness for 
quite a time, the size of the blocks becomes 


stable (1.25 x 1075 cm after tempering quen- 
ched pieces from 1290°, and 1.75 x 1076 cm 
for those quenched from 1280°), while the 
total distortions A a/a become greater with 
high quench-hardening temperatures, and then 
become stabilized. This second rise in Aa/a 
corresponds to the concentration heterogeneity 
in the ferrite in exactly the opposite way to 
first tempering) in the tempered martensite 
(which may be seen from a comparison of 
curves 1 and 2 with curve 4 Fig. 1). 
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Fig. 4. The relation between hardness, amount of 
gamma phases, intensivity ratio I,/I, of lines 
(111) and (311) of the ¥ phases and lines (110) 
and (211) of the @ phase lattice parameters of 

a and Yprases, block size D, distortions 4a/a 
of these phases, and the number of tempering 
treatments (in hours) at 560° for steel 150R18. 
Solid lines -Y phase, dotted lines - q@ phase. 


As the reduction in hardness on tempering 
at 560° in the course of the first 10 sec 
holding, is similar to that in the 300-400° 
range (See Fig.1), it may be assumed that 
these reductions occur in the same manner, 

In both cases the martensite is deprived of 
carbon up to 0.31% (which causes its disper- 
sion hardness) with simultaneously, the 
single diffusion-less increase in the lattice 
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parameter of the residual austenite of 0.016 


R (on account of the relaxation of type II 
distortion and reduction of volume). These 
facts show that the reduction in hardness is 
conditional upon a predetermined combination 
of quenching distortion of the II type and II 
type distortion arising as a result of the 
dispersion hardening of the martensite, and 
not on the recrystallization of the residual 
austenite, as no recrystallization of blocks 
of residual austenite has been discovered, 

From the above it follows that the tempering 
of quenched high speed steel at 380° has much 
in commonwith the tempering of quenched carbon 
steel. 

As to the higher temperatures, the tempering 
of high speed steel has many peculiarities 
among which are carbide transformations, two 
forms of concentration heterogeneity and 
changes in the fine crystal structure. The 
processes of dispersion hardening of marten- 
site are common, 

Steel 150P18. The large quantity of residual 
austenite in this steel (73%) make it possible 
to trace the influence of the phase hardening 
of the secondary martensite on the changes in 
the fine crystal lattice on tempering, both in 
the a- and in the ¥-phases, 

It can be seen from Fig.4 that, according to 
the number of repeated temperings at 560° the 
reduction in the amount of residual austenite 
to 15-20% is accompanied by definite changes 
in its fine crystal structure: 1) reduction 
of the lattice parameter by 0.012 g: 2) in- 
crease in II type distortion to 4 x 1072 due 
to dispersion hardness and secondary marten- 
site transformation: 3) increased distortion 
of type III; 4) grain refinement followed by 
growth of the blocks and 5) an increase in 
the hardness of the steel from 40 to 67 units. 

Simultaneously with these changes in the 
fine structure of the residual austenite, 
definite changes take place in the tempered 
martensite (See Fig.4): 1) the mean parameter 
of the martensite-ferrite is reduced from 
2.877 to 2.869 & after 7 hr) and, after a 
further 7 hr tempering at 600°, to 2.867 &; 

2) the blocks stabilise at 1.25 x 1076 cm 
(their growth is observed only at higher tem- 
peratures); 3) the curve 4 a/a has two 
maxima of concentration heterogeneity, as in 
steel R18. 

Investigation of the break-upof the marten- 


site of steel EI 184 on tempering at 560° has 
show that, as a result of the tempering, II- 
type distortions in the a-phase increase to 
4 X 107& om, and the size of the blocks to 
1.5-2.0 x 1076 cm, i.e, the fine structure of 
this steel is hardly different from that of 
steel R18, with the exception of the somewhat 
greater size of the blocks, However, while 
in R18 the blocks grow to 2,8-3.0 x 1076 om 
as the result of four temperings at 600°, in 
EI 184 they grow to 4,5-5.0 x 1075 cm, that 
is to say, the rate of growth of the blocks 
is one and a half times greater in EI 184. 
This shows that the tempering carbides of EI 
184 are less stable than in R18 and the more 
easily coalesce; this, incidentally, might 
also explain the red hardness of EI 184. 

In this work it has been established that 
red hardness increases according to the ex- 
tent to which the martensite is alloyed, the 
a@ phase blocks are averse to growth and of 
the concentration heterogeneity in the 560- 
640° range is increased (in ferrite). 

The nature of the red hardness of high speed 
steels may be explained by the great stability 
of the type II and III distortions and the 
fields of a phase blocks coherently diffused 
by the X-rays, as a result of the presence in 
the volume of the grains of a very large 
quantity of slowly coalescing high-dispersion 
carbides of vanadium and tungsten with strong 
interatomic bonds, But while in the high- 
speed steels there are carbides of chromium, 
which coalesce more easily than those of 
vanadium and tungsten, it is the coalescence 
of the chromium carbides which is one of the 
weakest links in the red hardness of steel, 
It is for this reason that the less chromium 
carbides there are in the steel, the greater 
will be its red shortness. 

The great nardness of high speed steels 
with a martensitic structure, which undergo 
dispersion hardening, is due to the high dis- 
persibility of the a-phase blocks (1.25 x 
x 1078 am), the great distortions of the II 


(4 x 107%) ond the 11 (V =0,3 A) types, 
the optimum dispersibility and extremely 
large amount, of vanadium tungsten and chro- 
mium carbides and to the presence of a large 
amount of ledeburitic carbides, 


From measurements of the rate of separation 
of carbon from the residual austenite by 
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observation of the (110), reflection of the 
martensite in steel 150R18, and the rate of 
removal of carbon from the martensite (from 
the same lines) it has been found that the 
removal of carbon from the austenite at ten- 
pering temperatures of 540-580° takes place 
260-300 times more slowly than does the im- 
poverishment of the martensite. 
and also those on the fine crystal structure 
of these phases, show that the secondary hard- 
ness is not due to the transformation of 
residual austenite into martensite, as was 


indicated in paper [1-4], but to the dispersion 


hardening of the martensite. In the initial 
stages of ageing, the hardness of the marten- 
site is reduced by 3-5 units, after which it 
grows again, due to dispersion hardening, 

This is explained by the fact that the marten- 
site, which is very unstable on tempering, 
easily disintegrates, with the accompanying 
separation of carbides, as a result of which 
the reduction in hardness is rapidly changed 
into growth, which means that the nature of 
the hardening process is changed; the highly 
strain-hardened unstable martensitic state is 
followed by a highly hardened stable ferrito- 
carbide state. As the martensitic hardened 
state is unstable, then the secondary hardness 
also cannot be the result of secondary marten- 
site transformation, It is, in fact, without 
accomanying phenomena, 

The ageing of the austenite also is of secon 
dary importance in the occurrence of secondary 
hardness; austenite has greater red hardness 
than martensite, so that with a long soaking 
at over 500° there is a considerable growth in 
the blocks in the residual austenite while the 
size remains the same in the ferrite, 

Consequently, the strain hardened state of 
residual austenite is very unstable, and for 
this reason it plays only a negative role in 
secondary hardness, This latter factor would 
appear to explain also the considerably lower 
hot hardness of steel which after tempering 
contains residual austenite, as compared with 
that without residual austenite, 


CONCLUSIONS 


1. Secondary hardness is not the result of 


These figures. 


the transformation of residual austenite into 
secondary martensite, but the result of dis- 
persion hardening of primary and secondary 
martensite, The dispersion hardness of 
residual austenite is of secondary importance, 

2. The reduction in the hardness of the 
steel in the initial period of tempering is 
accompanied by the expansion without diffusion, 
of the lattice of the residual austenite, 
changing later into reduction of the lattice 
due to the residual austenite combining, 
mainly with carbon, but also to some extent 
with the alloying elements, 

3. When the steel reaches maximum hardness 
on tempering, the distortions of the II type, 
in the a- and Y- phases, are the same, and 
equal to 4.0-4.5 x 1073. 

4, The parameters established for the fine 
crystal structure are characteristic of the 
high hardness and red hardness of tempered 
high-speed steels, 

5. The energy of activation, calculated 
according to the rate of growth of the blocks 
of a-phase in the 540-620° range, comes to 
60 kcal/mol, while above 650 it is 80 kcal/ 
mol, 

6. Two types of concentration heterogeneity 
have been discovered: between 380 and 520° 
in the ferrite, With tempering at 560°, the 
concentration heterogeneity in ferrite is 
greater where the quench-hard@ing tempera- 


ture was greater, 


Translated by V. Alford 
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THE INFLUENCE OF CYCLIC HEAT TREATMENT ON 
URANIUM BICRYSTALS* 
§8.Ya. ZALIVADNYI and V.M. MIKHAILOVSKII 
Physico-Technical Institute, Academy of Sciences Ukr.S.5.R. 
(Received 27 May 1959) 


With cyclic heat treatment in the range 100-600° changes have been 
observed in bicrystals of uranium, inside the grain and along the 
adjoining boundaries, which are manifest in various forms including 
that of unilateral mutual slip of the crystallites. On one cycle the 
relative shift of the grains was in the region of 1 x 107°. The 
relative displacement of the grains coincides, according to the figures, 
with the displacements which occur in polycrystalline coarse-grained 


uranium in similar circumstances. 


Much research has been devoted [i-3] to the 
investigation of the changes which occur in 
uranium on cyclic heat treatment. In our 
previous work [4] we studied the changes in 
the microstructure of uranium with coarse 
acicular grains, It was demonstrated how, on 
cyclic heat treatment, there occurred a 
reciprocal displacement of the grains due both 
to slip on the boundaries and to plastic de- 
formation inside the grains. 

The investigations here described were 
carried out on biocrystals of urenium for the 
purpose of finding out what effect the inter- 
action of the grains has on the nature of the 
changes in the material on cyclic heat treat- 
ment, and of further clearing up the mechanism 
of this phenomenon under simplfiied conditions 
(without surrounding grains). 


METHOD OF CONDUCTING THE EXPERIMENT 


Ry the process already described [4] pris- 
matic blanks with coarse acicular grains were 
prepared from technical uranium, From these 
blanks bicroystalline test pieces were out 
with a wire saw. Further preparation of the 
latter was done with abrasive paper and an 


* Fiz. metal. metalloved. 8, NO.6, 904-907, 1959. 


electrolytic polisher. The finished test 
pieces were 3.2 x 1.3 x 0.7 mm, The bicrys- 
tals, electrolytically etched, could be seen 
in polarized light by means of a metal lograph- 
ic microscope. The orientation of the crys- 
tals in relation to one another was determined 
by the Laue method. In order to check the 
mutual displacement of the grains, lines per- 
pendicular to the boundaries were traced 
across the testpieces. The lines were drawn 
with the diamond indenter of a micro-hardness 
tester, 

For the cyclic heat treatment they were 
Placed in an iron boat with a lid, which was 
lined with tantalum foil to prevent reaction 
between the uranium and the iron, They were 
heated by passing an electric current through 
the boat. Cooling was effected by heat trms- 
fer through large copper clamps round the 
boat, which were themselves cooled by water, 
Temperature measurement was hy means of a 
platinum-platinorhodium thermocouple welded 
to the boat. The experiments were conducted 
in a vacuum with pressure not above 3 x 1076mm 
Hg. in the temperature range 100-600°. The 
procedure was the same as before, namely: 
heating to maximum temperature — 5 min, hold- 
ing at 600° — 1 min, cooling to minimum tem- 
perature -— 4 min. The investigation was 
carried to 1000 cycles with interruptions to 
examine the test pieces after 100, 200, 300, 


Cyclic heat treatment 


400, 500 and 750 cycles. After 1000 cycles 
the testpieces were given an electrolytic 
polishing and were etched, in order to dis- 
close the changes of the microstructure, 


RESULTS AND THEIR EVALUATION 


The metallographic examination showed that, 
as a result of the cyclic heat treatment, there 
had been mutual displacement in all the bi- 
crystals investigated, The displacement was 
judged hy the difference in the length of the 
grain and, directly, from the nature of the 
distortion of the scratched limes, It would 
seem from this, therefore, that in uranium, 
the pair of grainsis the elementary nucleus 
in which irreversible changes occur on cyclic 
heat treatment. Table 1 gives the results of 
the investigation of three pieces after 1000 
cycles. 

The value @, was calculated from the data 
on mutual orientation of the grains by means of 
the tabulated data for a in the main direction. 
The negative values for a, which appear in 
some cases, are due to the small angle between 
the axes of the testpieces and the direction 
[010], along which the coefficient of linear 
expansion for uranium is negative. 


Fig. 1. 


trolytic polishing, x40; 


c — after 1000 cycles, x40; 


Note: a, is the coefficient of linear expansion 
along the mutual boundary; Aq is the difference 
in the coefficients of linear expansion for the 
grains of bicrystals along their mutual boundaries; 


Al 


is the mean percentage change in the length 
of a grain after one cycle. 


According to the data entered in Table 1, 
the value of 4a was more or less the same 
for all three pieces. It follows from this 


Photomicrograph of a sector of a testpiece: 
a — initial state, polarized light, x40; 


6 — the same after elec- 
d — the 


same after electrolytic polishing etching, polarized light, x160. 
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that, in each pair of grains which together 
make one bi-crystal, the greater relative 
expansion is shown by the grain with the 
greater @,, which is in agreement with the 
 aaega developed by Burke and Turkalo 
5]. 

If the relative figure for grain displace- 
ment in bicrystals is compared with the 
relative displacement of grains in poly- 
crystalline test pieces, which have undergone 
cyclic heat treatment in similar circumstances 
[4], it will be seen that the figure is of 
the same order in both cases. The presence 
of surrounding grains, therefore, has little 
effect on the interaction of each pair of 
grains; at most, there might be a change of 
some percent in size due to irreversible 
changes, 

As in the experiments with the polycrystal- 
line pieces, mutual displacement of the grains 
occurred through slip along the boundaries and 
plastic deformation within the grains, mainly 
in the vicinity of the boundaries, which was 
detected from the rupture and distortion of 
the scratched lines. As in the previous tests, 
no migration of the boundaries was observed. 


Figs. la-d show photomicrographs of a testpiece 


after 1000 cycles of heat treatment. In the 
zone of greatest deformation at the boundary, 
new grains have arisen with close orientation. 
The phenomenon of the recrystallization of 
polycrystalline uranium on cyclic heat treat- 
ment has been described in the work of Bochvar 
and his collaborators [2]. 

In the bicrystals examined, in all cases 


Fig. 3. 


where slip occurred along the boundaries, 
there was little change in the amount of 

mutual displacement of the grains per one 
cycle with an increasing number of cycles, 


100 200 200 400 500 600 700800 900 1000 
No. of cycles 


Fig. 2. Graph showing relation between extent of 
displacement along the bounderies and number of 
cycles, in bicrystalline uranium. 

— displacement at the edges 

- displacement in the middle. 


Fig. 2 is a graph showing the relation between 
the extent of displacement and the number of 
heat treatment cycles, measured on three 
scratches which were made at the edges and in 
the middle of testpiece No.3. With an in- 
creasing number of cycles the increase in the 
amount of mutual displacement per one cycle 
is insignificant. At one edge, and in the 
middle, the displacement was practically the 
same, for which reason there is a common line 
for these pieces in the graph, 


Photumicrograph of a uranium testpiece with the centre 
removed; 


x40 


a - prior to cyclic heat treatment, polarized light 6 -— after 100 cycles 
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Metal lographic examination disclosed in 
both crystals that additional displacement had 
occurred, of the whole grains in relation to 
one another, quite apart from the mutual dis- 
placement due to the difference in permanent 
extension of one of each grain pair. (Fig. 3). 
Although the reason for this has not been 
discovered, the fact that one grain, as a 
whole unit, is displaced in its relation to 
the other, may explain why, with the cyclic 
heat treatment of polycrystalline uraniun, 
elongation in one direction does not occur 
mainly because of the corresponding elongation 
of the grains in the same directiom., The 
sliding of the grain as a whole may also 
explain the discrepancy between the extent of 
slip o rupture of the scratched lines and the 
difference in the absolute elongation of the 
grains. In testpiece No.3, for example, maxi- 
mum displacement along the boundary after 1000 
treatments comes to 0.06 mm, while the differ- 
ence in the permanent elongation of the grains 
is 0.03 mm, i.e. half as much, It should be 
noted that curvature was observed in one of 
the bicrystals around the axis of the test- 
piece, 

In conclusion we wish to express our thanks 
to Prof, R.I. Garber for checking our work 
and making valuable comments, 


CONCLUSIONS 


1. The relative displacement of grains of 
bicrystals after one cycle is of the same 
order as that which occurs in polycrystalline 
uranium testpieces in the same conditions of 


cyclic heat treatment. 

2. Change in the disposition of the grains 
relative to one another may occur because of 
the difference in permanent elongation, or 
because of the displacement of one whole grain 
in relation to the other, 

3. In general outline, these tests with bi- 
crystalline uranium are in agreement with the 
propositions regarding the mechanism of irre- 
versible changes in uranium on cyclic heat 
treatment, according to which these changes 
are brought about by a combination of slip 
along the boundaries, and plastic deformation 
inside the grains [3], which was estab] ished 
experimentally for polycrystalline uranium [4]. 


Transalted by V. Alford 
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THE FAILURE OF A MARTENSITE CRYSTAL UNDER THE 
SIMULTANEOUS ACTION OF EXTERNAL TENSILE AND 
COMPRESSIVE STRESSES* 
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compressive stresses. 


The present article deals with changes in a martensite crystal which is actually 
a martensite monocrystal, under the simultaneous action of external tensile and 
It is found that the martensite crystals in failing, first 


form microcracks, break up, then fracture completely. The interpretation of 
these changes was based on an analysis of stresses acting on the martensite 
crystal during its loading. The crushing of the crystals is explained by the 
fact that the compressive stresses on one side of the crystal are not compen- 
sated in these cases. The problem considered here is solved in connexion with 
problems of propagation of elastic and plastic waves in an austenitic-martensitic 


medium. 
INTRODUCTION 


The aim of this work is to study changes in 
martensite crystals which are in an austenitic 
medium, in cases where the crystals are acted 
on simultaneously by external tensile and 
compressive stresses, This case can be en- 
countered for example, during the propagation 
of elastic and plastic waves in a crystalline 
medium**(the propagation of plastic waves is 
also accompanied by plastic deformation of 
the medium), 

The case mentioned was solved in connexion 
with this problem. The simultaneous action 
of stresses on the crystals was caused by 
simple extension of the specimen, containing 
a smal] amount of martensite crystals, in a 
perfectly pure austenitic medium, Thus, 
tensile stresses were applied to separate 


martensite crystals directly; The plastically 


deformed austenite in the neighbourhood of 
these crystals, due to the stress, simultan- 
eously acts on them with compressive stress, 
As far as we know, no work has been done on 


© Fiz. metal. metalloved., 8, NO.6, 908-914, 1959. 


the study of changes in a martensite crystal 
during the action of external stresses, 


EXPERIMENTAL METHOD 


Some specimens with austenitic structure and 
singly included martensite crystals were 
obtained by quenching an iron alloy containing 
5% manganese and 1, 15% carbon from 1150°C 
(with 6 hr soaking in an electric vacuum fur- 
nace) with cooling in oil and subsequent 
supercooling to -55°C in a mixture of solid 
00, and methyl alcohol. The high temperature 
and duration of the austenization process were 
selected in order to obtain coarse grains, 
which gave coarse martensite crystals on con- 
versiom, The specimens were in the shape of 
prisms measuring 70 x 15 x 5 mm, After 
quenching and supercooling, metallographic 
sections were prepared on a wider surface 
(70 x 15 mm) with subsequent electrolytic 
polishing, The composition of the electrolyte 


** Corresponds to the structure during impact [1]. 
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was: 133 ml glacial CH,COOH, 23 gm Cro, and 
7 mi H,0. The thickness of the electrolytic- 
ally polished layer was about 0.3-0.4 m, 
which would make it reasonable to assume that 
the polishing had removed all of the surface 
layer which had been deformed during grinding. 
The specimens were rotated during the polish- 
ing. 

The specimens were stretched statically on 
a hydraulic tensile machine at 18°C, they were 
clamped on their longer side in the direction 
of the axis of the machine, so that the direc- 
tion of the tensile stress coincided with the 
longitudinal axis of the specimen. The state 
of the martensite crystals during the gradual 
increase in stresses was followed by the plas- 
tic relief which appeared on the polished but 
unetched surface. The observations were 
carried out with a vertical Vickers metal - 
lographic microscope. 


Fig. 1. Grain of austenite with martensite crys- 
tals in plastic relief. 


To ensure that the observations were 
carried out on the same martensite crystals, 
the specimens were extended a little at first. 
This merely caused on the plastic relief the 
appearance of outlines of austenite grains 
and martensite crystals (Fig.1), this 
relief a place was selected and marked with 
the martensite crystals conveniently orien- 
tated with respect to the plane of the section 
(see below); the state of the crystals was 
then followed with further increase in stres- 
ses, There is very little risk that under 
stresses due to the plastic deformation that 
new martensite crystals might be formed due 
to the large difference in temperatures at 
the M, point (the start of conversions to 


martensite) and the temperature of 18°C, at 


which the specimen was subjected to stresses, 
During the whole experiment, not one case 
showed the formation of new crystals, 


RESULTS 
Since the stress in the specimen was very 


small, only the austenite surrounding the 
martensite crystals was deformed, due to 


which the plastic relief acquired outlines 
only along its height. The martensite crys- 


tals did not fail. With increase in the 
stress, changes were also observed in some 
of the martensite crystals, an important 
role being played by their orientation 
with respect to the plane of the surface, 
The crystals with their wider surface in 
the direction of the plane of the 


Fig. 2. 
of the section. 


Orientation of martensite crystals relative to the plane 
T - plane of section. 
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section* (Fig. 2, case A), were broken up - the middle along their longitudinal axis. A 
showed microcracks measuring about 10-4 cm; metallographic section wan then made on the 
with increased stress, the crystals fractured. two parts and subjected to electrolytic polish- 
On the other hand, in the case of crystals ing. After etching it was found that here 
orientated with their wider surface approxi- were martensite crystals which had failed, 
mately perpendicular to the plane of the and that the failure coincided with the above 


section (Fig.2, case B; in Figs, 3,4 they type of failure, However, the number of 
have the shape of fine needles), there were 
no micro-cracks or failure even when the 

specimen was loaded to the point of failure. 


failed crystals, determined by comparison, was 
less than on the surface of the specimen, 


Fig. 4. Failed crystal of martensite (plastic 
relief). 


It can therefore be concluded that stresses 
lead to the failure of martensite crystals 


Fig. 3. Failure of the martensite crystals placed 
inside the specimen also, 


in the plane of the section (plastic relief). The 
arrow at the top left shows the direction of appli- 
cation of the tensile force. 

INTERPRETATION OF THE CHANGES 

The above described changes in the martensite 
crystals can be seen on the microphotographs 
of Figs3 and 4. In Fig.3 a part of it (nun- 
bered 1) illustrates a cracked martensite 
crystal, and another part (numbered 2) shows 
the failure of this cracked crystal. On both 
diagrams, it is also possible to observe 
undestroyed narrow martensite needles (on 
Fig. 4 this needle is interesected by a line 
showing the magnification), corresponding to 
crystals orientated perpendicular to the plane 
of the section, 

To decide whether failure of the martensite 
crystals takes place not only on the observed 
surface, but also inside the specimen, two 
heavily stressed samples, the section of which 
had failed martensite crystals, were cut dowm 


In the interpretation of the changes obser- 
ved, it is possible to proceed from an analy- 
sis** of the individual stresses acting on 
martensite crystals when the specimen is in 
stress, and from the change in these stresses 
taking place for certain crystals, 

As already mentioned, when the specimen is 
given tensile loading, the martensite crystal 


** We decided against the mathematical treatment 
of the problem, since the experimental method 
used was unable to determine, except in a 
comparative fashion, either the value of the 
stress applied to the plastically deformed 
austenite crystals during the stress, or the 
degree of the plastic deformation of the 
austenite, which would means that the solution 


* The dependence of the form of martensite crystals to the problem would be dependent on a number 
on their orientation (position) relative to the of assumptions. 
plane of the section. See [2]. 
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is acted on not only by tensile stresses, but 
also compressive stresses caused by the plas- 
tically deformed austenite which is surroun- 


ding it. The value of these stresses will 
increase simultaneously with the increase in 
the stress of the specimens since the plastic 
deformation of the austenite also increases, 
In the case where the crystal is surrounded 
on all sides by austenite, and when the plastic 
deformation of the austenite is homogeneous 
throughout the whole medium, the compressive 
stresses acting on one side of the lamellar 
crystal will be opposed by stresses of the 
same magnitude on the opposite side. Oonse- 
quently, for areas of the same value, given 

by the symmetry of the crystal, the result- 
ing compressive forces, the value of which is 
equal to the product of these areas and the 
compressive stresses acting on them, are 
mutually compensated, Am exact representation 
of this is given in Fig.5. 


Fig. 5. Application of compressive and tensile 
forces to a martensite crystal in the case of 
homogeneous plastic deformation of the austenite 
in its neighbourhood. 


However, on some sections of the loaded 
specimen, and also for some crystals, especi- 
ally crystals in the plane of the section as 
will] be shown later, the equilibrium of the 
compressive forces on one of the sides of the 
crystal can be destroyed. The reason for 
this phenomenon may be the different nature 
of the changes and the different degree of 
plastic deformation of the austenite (hetero- 
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geneous plastic deformation) or the absence 
of compressive stresses on one of the sides 
of the crystal, Heterogeneous piastic defor- 
mation arises for example, as a result of the 
presence in the immediate vicinity of the 
crystal of another martensite crystal, which 
alters the character of the changes in plas- 
tic deformation on this side; heterogeneous 
deformation also took place in martensite 
crystals lying at the boundaries of the aus- 
tenite grains with a different crystallograph- 
ic orientation due to the different character 
of the plastic deformation of the individual 
austenite grains, i.e, due to the heterogene- 
ous plastic deformation of the austenite 
surrounding the martensite crystal (differ@mt 
compressive stresses act on different sides 
of the martensite crystal). In this way the 
equilibrium of the compressive forces is des- 
troyed due to the asymmetrical shape of the 
martensite crystal itself, The case of com- 
plete absence of compressive forces on one of 
the sides of the crystal is encountered 
crystals lying close to the surface of the 
specimen (the metallographic section), In 
this case the compressive stresses applied by 
the plastically deformed austenite to the 
lower side of the crystal are not compensated 
by any stress from the opposite side (Fig.6). 

Thus, in al] these cases concerning the 
martensite crystals, it is a case of partial 
or complete destruction of the equilibrium of 
the compressive forces: on reaching a certain 
value, the difference in these forces can 
cause destruction of the crystal. The value 
of this difference depends directly on the 
degree of plastic deformation of the austenite, 
and consequently on the value of the stress in 
the specimen, 

The present work deals with martensite 
crystals at the surface of the sample — the 
metallographic section, Non-compensated com- 
pressive forces are applied towards the plane 
of the section (see Fig.6), to all the mar- 
tensite crystals without exception. However, 
under the influence of a different spacial 
orientation of the crystals relative to the 
plane of the section, the values of these 
forces and the reactions of the individual 
crystals to their action will be different. 

In the case of crystals disposed with their 
wider surface preferentially in the place of 
the section (case A, Fig,2), the compressive 
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Fig. 6. 


forces reach a considerable value, since the 
size of the areas to which the stresses are 
applied, non-compensated on the side of the 
section, is also considerable. Due to the 
action of these forces deflexion (buckling) 
of the crystals takes place, which on reaching 
a fixed value, depending on a certain degree 


of stress in the specimen, leads to disturbance 


of the adherence of the crystals, which will 
result in the crystals being brok@™ up into 
small particles. The simultaneously applied 
tensile forces (see Fig.6) readily cause 
fracture of these crystals in accordance with 
observed changes, 

On the other hand, in the case of crystals 
which are orientated roughly perpendicularly 
to the plane of the section (case B, Fig. 2), 
the areas on which the non-compensated com- 
pressive stresses act from the side of the 
section are small, The non-compensated com- 
pressive forces would therefore also be small. 


Furthermore, with the given geometrical arrange- 


ment (see Fig.6) the application of these 
forces cannot destroy the adherence of the 
crystals, as was the case previously. AS a 
result, in the case of crystals orientated in 
this way, failure does not take place, which 
is borne out by the results obtained experi- 
mentally. 

The above considerations would indicate that 
martensite crystals at the surface of the 
specimen (section) should break more often 
than inside the specimen because of the prob- 
ability of non-compensated compressive forces 
on one side of the martensite crystal being 


Application of compressive and tensile forces to a martensite crystal at 
the surface of the specimen (section). 


7T - plane of the section. 


This con- 
clusion is in fact borne out by the above 
experiments in which the heavily stressed 


greater than inside the specimen, 


specimens were cut. It was found that the 
number of destructions of martensite crystals 
inside the specimen was less than at the 
surface. 


DISCUSSION OF RESULTS 


From the order of the succession of the 
changes during the failure of martensite 
crystals, microcracks fracture, and also from 
the interpretation of these changes, it 
follows that in the tests the compressive 
stresses predominated over the tensile stres- 
ses. However, the reverse is possible here, 
when the effect of the tensile stresses 
exceeds that of the compressive stresses, In 
this case also, it is probable that failure 
of the crystals occurs, However, if we sup- 
pose that the above conclusions are correct, 
then the reverse order of succession of the 
changes is nevertheless impossible, and the 
crystal simply fractures. The destruction of 
the adherence of the crystals and consequemtly 
their disintegration are excluded, 

Proof of the fact that strong plastic defor- 
mation of the austenite can cause tearing of 
the martensite crystals can also be found in 
[3]. The authors, considering the plastic 
deformation of austenite in the neighbourhood 
of formation of the martensite crystals, 
found that there were broken martensite 
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crystals in regions of particularly strong problems of which the present work forms a 
plastic deformation of the austenite. part. 
The author also thanks Bakalikova from the 
IIVEP for certain comments on the work, 
SUMMARY 


Translated by J, Thompson 
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Several papers express an opinion on the 
differences in processes caused by plastic 
deformation, when equilibrium and non-equl i- 
brium alloys are subjected to plastic defor- 
mation. It is usual to consider that in the 
first case the deformation causes fragmentation 
of the phases, change in the block structure 
and stressed state of the alloy [1-4]. In the 
second case, as well as these processes, on 
reaching a certain degree of deformation more 
important changes can take place in the alloy, 
characterized by the formation of new phases, 
which can differ from the original phase both 
in their crystallographic structure and in the 
chemical composition [5-9]. 

In the light of a number of papers, this 
classification is more than arbitrary, since 
the results of these papers indicate the 
presence of phase transformations during defor- 
mation of the alloys in the equilibrium and 
states close to the equilibrium [10-14]. 

The opinion held by some authors that the 
deformation of equilibrium systems cannot cause 
the formation of new phases has led, in our 
opinion, to incorrect conclusions. Taking as 
a starting premise the fact that plastic de 
formation in equilibrium systems only causes 
those processes mentioned above, and observing 
the similar change of the physical properties 
during the heating of a plastically deformed 
alloy and also the alloy in the hardened state, 
these authors consider it sufficient proof 
that during tempering in the range of the 
“third transformation” processes occur which 
are caused only by the change in the block 
structure of the @ phase, of its stressed 
state, by destruction of the coherent bonds 


* Fiz. metal. metalloved., 8, No.6, 915-921, 1959. 


and hy the change in shape and dimension of the 
carbide particles [15-17]. 

If the equilibrium state of the alloy is 
characterized only by the ratio and chemical 
composition of the phases, then on the basis 
of the existing point of view the conclusion 
would be drawn that there should be no essen- 
tial difference in the processes arising 
during the deformation of tempered steel, 
when the structure of the latter is charac- 
terized for example, by lamellar and granular 
cementite. In our opinion, this point of 
view should be made more specific, i.e, there 
should be a more complete determination of 
the equilibrium state of the system, taking 
into account the equilibrium of the form of 
the phases. , 

The present paper deals partly with problems 
similar to those already published [11, 12] 
and also studies the effect of the deformation 
temperature and the original structure on the 
character of phase transformations and the 
character of hardening during deformation, 


MATERIAL AND METHOD OF INVESTIGATION 


Industrial U12 and U10 steels were used in 
the investigation. Before deformation, the 
specimens of (4 x 40 mm cross-section) were 
subjected to heat treatment, as shown in 
Fig. 1 in order to obtain structures with a 
different form of cementite, 

The deformation was accomplished by uneven 
compression on all sides in rings [18]. For 
the deformation in liquid nitrogen, the speci- 
mens held in the rings were given preliminary 
cooling in nitrogen in a Dewar flask; when 
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the nitrogen had finished boiling, the speci- 
mens were placed in a press-form, in a retort 
also filled with nitrogen. The volume of the 
retort was such that during the deformation, 
the specimen was constantly in a medium of 
liquid nitrogen. The compression was carried 
out on a 60-ton Gagarin press, The degree of 
deformation (y%) was determined from the 
change in height of the specimen and varied 
between 25 and 27% 

The main method used was the method of mag- 
netic phase analysis, The phase composition 
was determined from magnetograms (curves 
J,(t)), Which were taken with a ballistic 
magnetometer in a 10,000 oersted field. 


RESULTS OF INVESTIGATION 


The phase composition of the specimens after 
the above-mentioned heat treatment is represen- 
ted by the magnetograms of Fig.1 It ca be 
seen that steel U12 after normalization, tem- 
pering and isothermal quenching at 650°, and 
also annealing to granular pearlite (curves 
1,4,5,6), has an identical] phase composition, 


characterized by the presence of two phases: 
cementite (Curie point 210°) and ferrite. The 
magnetograns taken with specimens after tem- 
pering and isothermal quenching at 450° (curves 
2,3), aS well as the phases mentioned, exhibi- 
ted the presence in the steel structure of a 
high-temperature intermediate carbide phase 
with a Curie point of 265°. 

Fig. 2 gives the magnetograms obtained from 
these specimens ufter their deformation at 
room temperature. From a comparison of the 
magnetograms (Figs, 1,2) it follows that in 
specimens having a 2-phase composition and 
structure of lamellar cementite the deforma- 
tion leads to the formation of X-carbide. 

The deformation of the specimen having also 
2-phase composition but the granular structure 
of the cementite, obtained by an oscillating 
anneal, does not cause phase changes (curves 6 
on Figs.1,2). The deformation of steel after 
annealing, not leading to spheroidization of 
the cementite, as was indicated in papers [11, 
12], leads to the transformation of the cemen- 
tite phase with the formation of X -carbide. 

From an analysis of the magnetograms (Fig. 
2), in accordance to the drop in the sections 
of the curves within the range 210-265° it can 


concluded qualitatively that the X -phase 
is formed in the largest amount in the de- 
formation of the normalized structure and in 
the smallest amount after tempering at 650°. 
After deformation of steel which had been 
given preliminary isothermal quenching at 
450° and quenching plus tempering at this 
temperature, in which there was already the 
X-phase, there is also an increase in the 
amount of the X-carbide. 

The opinion is stated in a number of papers 
that the plastic deformation causes strong 
heating of the metal [19], in local volumes, 
It can therefore be supposed that the X-car- 
bide, which is always observed in the struc- 
ture of high-carbon tempered steel, is a 
product of the decomposition of the austenite 
which is formed, 

To prevent heating of the specimens in the 
second series of experiments, the deformation 
was carried out in liquid nitrogen. Lowering 
the temperature of deformation at -196° shows 
that the action of plastic deformation remains 
the same (Fig.3). In all cases where the 
structure of the specimen had the form of 
lamellar cementite, a high temperature carbide 
phase was formed, In the deformation of steel 
with the structure of granular cementite, no 
phase transformations were observed, 

To find the degree of stability of the X- 
carbide, the deformed specimens were tempered 
at 400, 500 and 600°, An analysis of the 
results shows that its stability depends on 
the origina] structure, In the steel after 
normalization the disappearance of the X -car- 
bide was observed after tempering at 600°. 

The least stability (disappearance at 400°) is 
observed in steel which was quenched and tem- 
pered at 650° before deformation. The results 
obtained therefore show that the character of 
the transformations caused by plastic deforma- 
tion depend on the original structure of the 
steel. Reducing the temperature of deforma- 
tion (from +20 to -196°) does not change this 
dependence. 

Deformation by uneven compression on al] 
sides leads to a sharp change in the shape of 
the specimen (uneven change in the diameter, 
bending, etc.) which complicates the quanti- 
tative comparison of the results obtained with 
different specimens. To overcome this problem, 
in the following series of experiments the 
samples were deformed by the method of cold 


Phase transformations during plastic formation 


wire drawing. The original blank was U10 
steel wire of 5.5 mm diameter, The blank was 
subjected to two types of heat treatment: 
normalization from 1000° and an oscillating 
anneal at 690-730° for 10 hr with subsequent 
slow cooling. 


a~Js 


Fig. 1. Magnetograms of U12 steel after various 
heat treatment: 1 - normalization from 1000°; 
2 — isothermal quenching from 1000° in tin at 450°, 
T =15 min; 3 — quenching from 1000° + tempering 
at 450°, 7 = 60 min; 4 - isothermal quenching from 
1000° in tin at 650°, 7 = 25 min; 5 — quenching 
from 1000° + tempering at 650°, F = 60 min; 6 - 
oscillating anneal at 690-730°, 7 = 10 hrs., cooling 
with the furnace. 


The degree of deformation was determined 
from the change in the cross-section and was 
5, 16.6, 33.3, 46.6, 59.3, 70, 79.7, 86.85%. 
50 mm samples were cut from the deformed wire. 

The dependence of the change in magnetiza- 
tion on the specimen diameter is linear, there- 
fore the results of the measurements obtained 
with specimens of different cross-section are 
easily comparable with one another. In these 
investigations all readings are related to a 
4 mm diameter specimen, 

It was found that altering the method of 
deformation did not change the dependence of 
the phase transformation on the original struc- 
ture of the steel. Regardless of the degree 
of deformation in steel] with a granular cemen- 


tite structure, no phase transformations were 
observed. Fig.4 shows magnetograms from an 
original specimen and specimens compressed at 
46.6 and 86.85% (curves 2, 3, 4). The mag- 
netogram is given here for the original nor- 
malized specimen (Curve 1). When these curves 
are drawn from one origin they all coincide 
(Curve 5), which points to the complete coin- 
cidence of the phase compositions of these 
specimens, 
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209 300 400°C 
Fig. 2. Same as Fig.1 after deformation at 20° 
(xb = 25-27%). 
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Same as Fig.1 after deformation at -196° 
( xb = 25-27%). 


Fig. 3. 
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The plastic deformation of steel with 
lamellar cementite structure leads to the for- 
mation of an intermediate carbide phase with 
a Curie point of 265°. 

Increase in the total magnetization of the 
specimen and the magnetization at the ferrite 
section of the J,(t) curve (Fig.5) with in- 
crease in the degree of deformation indicates 
that a larger amount of the cementite phase is 
converted and that this conversion leads to an 
increase in the amount of the a-phase. Al] 
curves in Fig.5 were draw from one origin. 
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2790-200 300 

Fig. 4. Magnetograms of U10 steel: 1 —- after 

normalization (lamellar cementite) f= 0; 2- 

after oscillating anneal (granular cementite, y= 

= 0; 3 same — deformation, = 46.6%; 4 the 

same — deformation, x = 86.85%; 5 — magnetograms 
of all specimens drawn from the one origin. 


Extrapolating the ferrite section of the 
J,(t) curve and the section of the X-carbide 
curve (210-265°) to room temperature, we can 
determine the fractions of magnetization con- 
tributed by each of the phases to the total 
value J,, and from them it is possible to 
determine the volume percentages of these 
phases, We used the Heisenberg approximation 

20 in carrying out this extrapolation. The 
curves 1,2,3 of Fig.6 characterize the change 
in the volume of the ferrite, cementite and 
X-carbide respectively in dependence on the 
degree of deformation, The volume of the X- 
carbide was determined from the formula 


= 100 — + 


With degrees of deformation up to 60%, there 
is a reduction in the amount of cementite and 
an increase in the X-carbide, The observed 
increase in volume of the a-phase indicates 
that the plastic deformation causes transfor- 
mation of the cementite in accordance with 
the reaction: FesC y C +m Fe, which 
also points to the higher concentration of 
carbon in the X -carbide in comparison with 
the cementite, For higher degrees of defor- 
mation (y > 60%) there is a very small in- 
crease in the volume of the cementite phase 
and a sharp drop in the amount of the X phase, 
The large increasein the amount of ferrite may 
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Fig. 5. Magnetograms of normalized U10 steel after 

various degrees of deformation: 1 - yp = 86.85%; 

79.7% 70%; 4- = 53.39; 
6-p 0% 


be connected only withthe transformation of the 
a-phase. It is still not known in what form 
thecarbon exists whichis separated during the 
decomposition of the intermediate carbide, 
whether it is in the form of graphite or dis- 
solved in the a-phase, 

The results indicate that the character of 
the phase transformations depends on the 
degree of deformation, In steels with granu- 
lar cementite, no transformations are observed 
within the range of degrees of deformations 
investigated, whereas in steels with lamellar 
cementite, at first there is the formation of 
the X-carbide, and with higher degrees of 
deformation this phase decomposes, In this 
connexion it was of interest to follow the 
development of the hardening process with the 
increase in the degree of deformation in 
steels with different original structure, 
Fig. 7 shows the change in hardness as a func- 
tion of the degree of deformation for a steel 


Phase transformations during plastic formation 


with granular and lamellar cementite, The 
hardness of steel with lamellar cementite 
changes very little with increase in the 
degree of deformation the hardening process 
develops more intensively. 


0 80 y,% 


Fig. 6. Change in volume of the phase depending 
ou the degree of deformation of the normalized U10 
steel: 1 - change in the ferrite phase; 2 - 
change in the cementite phase; 3 — change in the 
high temperature ca:bide phase. 


The change in the hardness during the de- 
formation of steel with granular cementite has 
a different character: the main hardening of 
the steel] is observed in the range of degrees 
of deformation up to 60%, whereas with higher 
degrees of deformation, the development of the 
hardening process is slowed down, Comparing 
the shape of the hardness curves with the 
change in the phase composition depending on 
the degree of deformation, it can be conluded 
that hardening during deformation of steel 
with granular cementite is caused by the change 
in the block structure and the stressed state 
of the ferrite. The maintenance of the phase 
composition during deformation of the granular 
structure should be connected with the fact 
that the cementite grains are in a state close 
to even compression on all sides, hindering 
their plastic deformation [21]. The different 

character of the change in hardness of the 
steel] with lamellar structure of the cementite 
should be connected with the change in the 


phase composition caused by the plastic defor- 
mation, To reveal the nature of the proces- 
ses leading to strengthening, it is desirable 
to obtain new experimental data establishing 
the inter-connexion between microhardness, 
structure and state of the a-phase during 
deformation from the original structure, 
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Fig. 7. Change in the hardness of U10 steel 
depending on the degree of deformation: 1 — nor- 
malized steel (lamellar cementite); 2 — steel 
with oscillating anneal (granular cementite). 


The work shows that the more sharply. the 
lamellar form of the cementite the more 
intense its decomposition with the formation 
of X-carbide and a-iron, With reduction in 
the lamellar structure, this process weakens 
and when the cementite assumes a granular 
form, it disappears completely. In the light 
of these facts it is reasonable to assume that 
steel] annealed to granular cementite is more 
stable than steel annealed to lamellar cemen- 
tite. 

Reducing the temperature of deformation does 
not change the general character of the con- 
version and its connexion with structure, 
Since the X FexC carbide phase is differ- 
ent in its carbon content from cementite, then 
that fact indicates the possibility of diffu- 
sion processes due to deformation at low tem- 
peratures. The mechanism of formation of this 
carbide remains uncertain: whether it is 
formed from austenite, obtained due to local 
heating, or due to crystallographic rearrange- 
ment of the cementite under the action of 
stresses, 

We would like to express our gratitude to 
S& V. Vonsovskii, Corresponding Member of the 
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Academy of Sciences of the U.S.S.R. for his 
interest shown during the discussion of the 
preliminary experimental results and for sug- 
gesting the study of phase transformations 
during deformation in a liquid nitrogen 
medium, 


Translated by J. Thompson 
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STUDY OF THE MECHANICAL PROPERTIES OF SOLIDS, 
PARTICULARLY METALS, AT AND BELOW TEMPERATURES OF U.2°K 


111. THE MECHANICAL PROPERTIES OF IRON, TITANIUM, 
TANTULUM AND2 STEEL AT AND BELOW TEMPERATURES OF 4. 2°K* 
0.V. KLIAVIN and A.V. STEPANOV 
Physico-technical Institute of the Academy of Sciences of the USSR, Leningrad 
(Received 29 September 1958) 


The present paper is a continuation of the earlier published investi- 
gations (1, 2]. The data given below were obtained with the method and 
in the conditions described in [i]. The present paper gives the results 

OL of tests on polycrystalline specimens of armco iron, titanium, tantalum 
8 i and 2 steel at temperatures of 300, 78, 4.2 and 1.6°K. 

The accepted denotations and the dimensions of the specimens are the 
same as in [], 2]. 
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Fig. 1. Elongation diagrams at T= 300; 78; 4.2 and 1.6°K for 
specimens of armco iron. 


* Fiz. metal. metalloved. 8, NO.6, 922-927, 1959. 
The work has been reported to the 11th scientific-technical conference on refractory, heat resistant 
alloys and cerametallic materials (Moscow, April 1957) and at the 4th All-Union conference on low 
temperature physics (Moscow, June 1957). The previous paper [2] was reported to the All-Union 
conference on low temperature physics (Leningrad, Jume 1956). 
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TABLE 1 
Results of the testing of annealed armco iron 


1,6 112 112 112 112 74 0.5 


296 


300 22 34 


* From data of paper [3]. 

Notes. Since the scattering of the values of Ss and S.° was considerable 
from the causes shown in paper [1], we give in all tables both the maximum and 
the minimum value of these quantities. 

The values of Ss, were obtained with the method and under the conditions 
described in [1], the values of = with the usual method of dividing the load 
at the moment of fracture by the area of the cross section which is determined 
after the fracture of the specimen from the average diameter in the neck at its 
narrowest point. 

The values of s°° are calculated from the Markovets formulae [4] if the 
values of Op and yb, are known. These formulae have the following form: 


2.06 for 4g > 0,15; Sy = 3g (1 —1,95+ by) for be < 9,15. 


1. Armco iron. The specimens for the tests observed both in iron and in aluminium 1,2. 


of armco iron were drawn from rods of 12 mm With the lowering of the temperature, however, 
diameter, their surface was treated with emery 


paper of 14 yw grain, they were annealed at 
600°C for one hr in a vacuum of ~ 1074 mn, 

The results of the tests are given in Table 1 
and Fig. 1 which represents an elongation dia- 
gram. 

At T= 4,2 and 1.6°K the specimen breaks 
with formation of a neck ( % , = 73-74%). 

Thus, the plasticity of the iron is preserved 
down to these temperatures, 


Fig.2 shows a photograph of the point of Fig. 2a and b. Photographs (x20) of the silhouet- 
fracture of the armco iron specimen, The tem- tes of the points of fracture of specimens at a 
perature of the test was 4,2°K (at 1.6K a temperature of 4.2°K: a) annealed armco iron; 


similar neck was observed). Neck formation is b) annealed tantalum (99.74%). 


108 
/ r eee 
f °K ower k k k 
| & % % ke | ke | ke 
ments ke/mm mm2 mm 2 mm2 mm 2 mm2 mm2 
30 185 134 
3 36 42 16 88 27 99 
5 78 bd 83 6S 54 4 143 
437 356 
106 106 106 10G 0 73 210 
325 278 
8 


Mechanical properties of solids 


the relative elongation of the iron drops, 
although the yield strength increases sharply. 
When the yield point is reached in the tem- 
perature region of 4. 2-1.6°K the plastic 
deformation which sets in at once takes on a 
local character and a neck is formed, which 
causes fracture. 

Thus, at low temperatures there is virtually 
no even plastic elongation of the specimen. 
Visual observation under a microscope of the 
behaviour of the specimen at the moment of 
fracture shows that neck formation takes place 
in a very brief time interval. The inertia of 
the device for measuring the force did not 
permit the drop in the load to be noted at the 
moment of fracture, * 

It is interesting to note that, as can be 
seen from Table 1, the plasticity of iron is 


at a minimum at T = 78°K (liquid nitrogen), 
if it is measured by the value of p,. 

After the present work on iron had been 
completed, Smith and Rutherford [5] and 
Basinski and Sleeswyk [6] in the United States 
obtained similar results independently of us; 
at T = 4,2°K in superpure iron they also 
observed a residual elongation €, = 11% and 
a jump in the elongation diagram which they 
explain by the appearance of twins, 

2. Titanium. The titanium which was studied 
(99.6%) contained the following impurities 
(according to the certificate): 0.13% Fe, 
0.14% Ni, 0.07% C, 0.072% No. 

The specimens were turned in a lathe from 
rods of 10 mm diameter and polished with 
emergy paper of 14 grain, They were anneal - 
ed at T = 800° C for one hr in a vacuum of 


TABLE 2 
Results of the testing of annealed titanium 


ve, vx, 
% % 


132 


14 


61—63 |! 


30—-75 


* From data of paper [7]. 


* For materials in which localized plastic deformation causing neck formation (without even elongation 
of the specimen) is observed at helium temperatures, the values of the quantities o,, @ Br @, and 
S are given not in the usual meaning since the values of the stresses which correspond to ehese 
quantities are reached in a very brief interval of time and with our method [1] cannot be divided in 
time. It follows that the numerical values of the quantities o,, Op, Oy S, for T = 4.2 and 1.6°K 
are exagerated and that O0,=>O%,-= 0, 

The disagreement of S, with the vatenn in reference books [9] can be explained by the following 
causes: 1) the effect of the scale factor (which apparently depends on the temperature; 2) the more 
accurate method of determination of , [1,2]; 3) by the error in the determination of the force at 
the moment of the fracture of the specimen. 
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~ 10-4 mm, The results of the tests are ized and a neck is formed ( p = 14% at 


given in Fig.3 and in Table 2. T = 4,2° and 1.6K). 
At T = 4,2°K a jump was observed before 


of Kg/m?. fracture (stress ~130 kg/mm?) for each of 

: three tested specimens, * 

a The temperature of 1.6°K is characterized 

/2l se by the fact that in two out of three tested 
specimens (o 126 kg/mm”) one or two jumps 

300 were observed before fracture, their ampli- 

tudes being: 

P=-0.5 ke; Al = + 0.005 mm (T = 4, 2°) 


80 
P=-1ke; 41 = + 0.01 m 
(first jump) ° 
P=- 2 kg; 4 1 = + 0.01 m (T = 1.6K) 


(second jump) 


4 12 16 20 
£,% 3. Tantalum. The tantalum specimens tested 


(Ta + Nb = 99.74%) contained the following 
(99. 59%). 0.63% Nb, 0.1% Ti, 0.004% Si, 0.025% Mo, 
0.039% W The study of tantalum was of special 
The changes in the mechanical properties interest because it was possible to compare 
of titanium when the temperature is lowered its properties in the ordinary and the super- 
are similar to those observed in iron: the conducting state (T,, = 4.4°K). The specimens 
yield strength increases, the even elongation were turned in a lathe from rods of 8 mm dia- 
disappears at low temperatures, When plastic meter. The specimens were annealed at 
deformation begins it becomes at once local- T = 1100°C for 2 hr in a vacuum of ~ 1074 m, 


TABLE 3 
Results of the testing of annealed tantalum 


be, Ye 
% | % 


300 


* Prom data of paper [7]. 


* The beginning of the jump at low temperatures is indicated by arrows in all the elongation diagrams 
shown. 


110 
VOL 
8 
195 
se ese 
f 
Ke | ke | ke | ke % | ke | ke | ke 
ments mm2 | mm2 | mm2 | mm2 | mm2 | mm2 
328 
4 78 103 103 6 aw 200 
474 362 
3 4,2 115 115 74 6.61 = ee 230 
413 
2 16 77 0,5 | 


Mechanical properties of solids 


The results of the tests are given in Fig. 4 iron, With decreasing temperature the yield 
and in Table 3. The nature of the changes in strength increases, but the even elongation 
the mechanical properties when the temperature disappears, At low temperatures the plastic 


is lowered is similar to that observed for deformation which sets in is at once local- 
ized and a neck is formed ( p , ~ 74% at T = 


: = 4,2°K), which causes the fracture of the 


42°K 
120 
16°K 


100 


80 


60 


40 


10 /2 


ty 


Fig. 4. Elongation diagrams at T= 300, 78, 4.2 Fig. 5. Elongation diagrams at T = 300, 78, 4.2 
and 1.6°K for specimens of annealed tantalum. and 1.6°K for specimens of annealed 2 steel. 


TABLE 4 
Results of the testing of annealed 2 steel 


be, 
% 


29 


* From data of paper [8]. 
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Fig. 2b shows the photograph of the point of 
fracture of a tantalum specimen at T = 4, 2°K. 
Jumps were not observed in the elongation 
diagrams. The temperature of 1.6°K is charac- 
terized by the fact that in both the specimens 
tested one jump was observed before fracture 
(stress kg/mm?) the amplitude of the 
jumps being P = 0.5 kg; 41 = + 0.005 

No difference whatever was observed in the 
mechanical properties of the superconducting 
and non-superconducting state. 

4. 2Steel. The specimens of 2 steel (0.2% 
C) were turned from rods gf 12 mm diameter and 
polished with emery paper of 14y grain size. 
The specimens were annealed at T = 600°C for 
one hr in a vacuum of ~ 1074 mm, - The results 
of the tests are given in Fig.5 and Table 4. 

At T = 4.2°K three jumps were observed in 
the elongation diagram before fracture (stress 
= 101 kg/mm?) for one of the three specimens 
tested; the amplitude of the jumps was P = 
=-0.5 kg 41=4+0.02 m, 

The temperature of 1.6°K was characterized 
by the fact that in two out of six specimens 
tested (stress ~ 95 kg/mm) 4-5 jumps were 
observed before fracture; the amplitude of 
the jums was P = - 0.2-0.4 kg; 4 1 = - 0.005 
mm. At 1.6° one of the specimens broke into 
three pieces. It is important that the frac- 
ture was virtually brittle beginning with tem- 
peratures of 78°K and lower. As in the case 
described in [1] where the low temperature 
strength of aluminium was compared with that 
of its alloy B-95, the strength of iron is 


greater at low temperatures than that of 2 
steel. 

In conclusion we express our gratitude to 
our colleagues at the institute H.M. Reinov, 
N.G Andreyev, GA Gukasov, Iu.M. Chernov, 
A.M. Poliakov, Iu. A Burenkov, Baturin, 
who helped us in this work. 


Translated by B, Ruhemann 
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THE INFLUENCE OF THE SIZE EFFECT ON THE 
DEFORMABILITY OF METALS* 
I.A. RAZOV, Ye.M. SHEVANDIN and A.V. YEFIMOV 
Central A.N. Krylov Scientific Research Institute 
(Received 24 Februsry 1959) 


The size effect is now usually explained 
either from the standpoint of the statistical 
theory [1-7] or from that of the stored energy 
theory of strength [8-11]. The former regards 
the metal as a polycrystalline aggregate which 
includes a large number of defects; the dis- 
tribution of the defects according to the 
degree of danger they represent is subject to 
a statistical Gauss law Accordingly, the 
probability of being within the sphere of 
influence of the most dangerous defect increa- 
ses with the sphere of influence, Therefore, 
the strength and plasticity of specimens of 
larger dimensions are always less than that of 
specimens of smaller size, 

According to the second theory, which takes 
into account the kinetics of the fracture 
process, the onset of fracture does not depend 
on the size while the end of fracture is de- 
termined precisely by the size effect. This 
effect is linked with the stored elastic 
energy in a loaded system, which affects the 
rate of development of cracks and increases 
with increasing specimen size. 

From the physical standpoint, the elastic 
energy takes effect by compensating the field 
of the excess stresses in the defect or crack 
the intensity of which decreases with the 
spreading of the crack. 

From paper [12] it follows that for different 
materials of the same strength the size effect 
is determined not only by the external factor 
(the stored elastic energy), but also by an 
internal, structural factor (the physical 
properties of the material, i.e. in the final 
analysis by the atomic bonds). 

There exists numerous considerations which 


* Fiz. metal. metalloved. 8, No.6, 928-933 (1959). 


speak in favour of both theories. In order 

to find out which of the two theories is valid 
it was necessary to make a special experiment. 
Such an experiment, at least for the region 

of viscous fracture, could be the determination 
of the plastic deformation which corresponds 

to the beginning and the end of fracture on 

two sets of specimens of different size and 
with different stored elastic energy, in both 
cases taking into account the statistical 
inhomogeneity of the metal as a polycrystalline 
aggregate. 

The investigations were made on SKhL-4 steel* 
with large specimens of 20 x 20 x 110 mm size 
and a radius at the bottom of the incision of 
p= 6 mm and with small specimens of 5 x 5 x 
x 27.5 mm size and a radius at the bottom of 
the incision of p= 1.5 mm, The small speci- 
mens after the latter had been tested, The 
base of the incisions on both small and large 
specimens was always at the same level, In 
this way the maximum possible homogeneity of 
the material to be subjected to plastic defor- 
mation and fracture was ensured for specimens 
of both sizes, This made it possible to study 
the physical size effect almost completely 
excluding the effect of the technological 
factor, The specimens were tested for static 
bending under a concentrated force applied in 
the middle of the span; the relative deforma- 
tion which corresponds to the beginning of the 
appearance of the first macro-cracks of a size 
of the order of 0. 2-0.3 mm and the deformation 
at fracture which corresponds to the fracture 
crack going right through the entire length of 


* The mechanical properties are: o 7 = 42.1 ke/mm2, 


2 
op = 61.0 kg/mm“, 8 10 


= 29.5%, § = 14.9%, 
yp = 76. 6%. 
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the bottom of the incision were determined for 


all specimens, 


The method of determining the deformation 
during the testing of the large specimens was 
the same as the method described in paper [13]. 
For the testing of the small specimens a 
slightly different method was used. Sever 
marks or ‘‘points’’ were made on the bottom of 
the incision instead of the usual dividing 
network, To distinguish this method from that 
of the dividing network it was accordingly 
called the ‘‘points’’ method. 

Depending on the size of the radius of the 
bottom of the incision the size of the 
“points’’ was made equal to 0.3-0.5 mm. 
fore and during the testing process the size 
of the points was measured with an instrument 
microscope UIM-21 with an accuracy of 0.001 mn, 


al 


Be- 


Three to four “points’’ were made on each 
specimen in its centre third. The average of 
all measurements was taken as the final 


result. 


The data obtained for all specimens is given 


in Table 1. From these results frequency 
curves of the deformation are plotted which 
correspond to the beginning of the appearance 
of the first cracks and to complete fracture 


(Fig. 1 and 2). 


Fig. 1 shows that the distribution curves of 
the deformations which correspond to the 
appearance of the first cracks for large and 
small specimens are very close to each other 
and in form approximate a normal Gauss dis- 


tribution curve. 


The maxima of the frequency 


curves the two cases coincide accurately. 
Naturally, these results do not agree with 


TABLE 1 


Values of the deformations for the beginning and end of the 
fracture of specimens of different sizes 


Specimens of 


20 x 20 x 110 m 


size 


Specimens 


size 


of 


5 x 5 x 27.5 mm 


Specimens of 
20 x 20 x 110 mm 
size 


Specimens of 
5 x 5 x 27.5 mm 
size 


% 


S xe 
% 


% 


Sxe’ 
% % 


Sze 
% % 


42.3 
45.0 


or WwW OM © m 


131 
132 
143 
117 
135 
136 
123 


135 
137 


129 


121 
117 
133 
169 
152 
148 
145 
159 
181 
115 
126 
158 


45.5 131 
46.7 121 
45.1 103 
47.8 133 
47.5 117 
43.6 133 
45.0 129 
43.1 108 
45.5 105 
44.8 135 
45.0 111 
47.1 121 
45.3 128 
46.7 112 
45.4 12 
42.3 138 
46.3 149 
41.0 135 
45.4 
45. 3 139 


45.3 145 
42.3 136 
46.9 194 
50. 3 148 
43.3 142 
42.6 158 
42.7 145 
45.7 147 
44.7 151 
46.5 122 
45.9 152 
47.8 158 
45.7 179 
47.1 138 
45.2 168 
46.4 166 
52.4 158 
44.3 
45.1 
44.8 
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the statistical theory of strength, since 
according to that theory the maximum of the 
distribution curve (that is, the most probable 
value of the deformation which corresponds to 
the appearance of the first cracks) should for 
small specimens lie at relatively greater 
deformations than for large specimens, Besides, 
the scattering of the individual values of the 
deformations at the beginning of the appear- 
ance of cracks for small specimens compared 
with that for large specimens should have been 
much greater than was in fact observed, 

Hence, this result cannot be explained from 
the standpoint of the statistical theory of 
strength. Nevertheless, the very form of the 
curves reveals that a certain role is being 
Played here by the statistical factor. This 
question will now be discussed in greater 
detail. 


Frequency 
Ss 


3 

238 

formation at the beginning 
of fracture, 5 5% 


0 
3 


Fig. 1. Curves of the distribution of the defor- 
mations at the beginning of fracture for specimens 
of different sizes: 

o specimens of 2 x 20 x 110 m size; P= 6 m; 
@ specimens of 5 x 5 x 27.5mmsize, Pp = 1.5 mn. 


In the statistical theory of strength the 
nature and form of the ‘‘defects” are not es- 
tablished: therefore, dross or intermetallic 
inclusions, any defects in the structure of 
the crystal lattice itself such as disloca- 
tions or incipient microcracks (within the 
limits of the ‘‘tholes’’ in the crystals) or ay 
other kind of ‘‘ defect’’ can be meant. Pashkov 
[14] gives a more precise definition of defect 
by assuming for it a certain region of given 
dimensions in which for some reason plastic 
deformation is made difficult and where as a 
result a volume stress arises, 

Amy interpretation of “defect” in the 
statistical theory leads, however, to a de- 


pendence of the deformation at the beginning 
of fracture on the scale, of a type shown in 
Fig. 3a, which contradicts the direct experi- 
mental data, 


£ 
S 


ss 


S 


Frequency », 


Extreme deformation at 
end of fracture 


Fig. 2. Distribution curves of the extreme defor- 

mations at the end of fracture for specimens of 
different sizes: 

o specimens of 20 x 20 x 110 m size, p = 6 mn; 

@ specimens of 5x5 x 27.5 mm size, p = 1.5 mm. 


Frequency 


Deformation at the 
beginning of fracture 


b 


Deformation at the 
beginning of fracture 


Fig. 3. Schematic position of distribution curves 

of the deformations at the beginning of fracture: 

a) with a Gauss, b) with a hyperbolic law for 
the distribution of the defects. 

1) large specimens; 2) small specimens. 


This difference between the theoretical and 
and experimental data becomes more understan- 
dable if one assumes that the main premise of 
the statistical theory conceming the Gauss 
distribution of the “defects’’ according tc 
the degree of danger they represent is not 
valid. It is more natural to assume that in 
reality the ‘‘ defects’’ are distributed ac- 
cording to a hyperbolic ] aw, that is to say, 
the less dangerous the defect, the greater 
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the number of such defects in the material. 
This assertion is based firstly on the fact 
that there is not a single paper which experi- 
mentally confirms precisely the Gauss law of 
the distribution of the “defects’’. Second- 
ly, the hyperbolic law of the distribution of 
the ‘‘defects’’ follows from the fact that the 
number of elementary defects such as disloca- 
tions, is of the order of 108 per cm?, while - 
the number of such defects as, for example, 
non-metallic inclusions (which are substan- 
tially larger in dimensions than dislocations) 
is many thousand times less, 

From a hyperbolic law of the distribution of 
“defects’’ Gaussiun curves cannot be obtained 
at all for the distribution of the values of 
the initial deformations, Distribution curves 
constructed from the hyperbolic law have the 
form given in Fig. 3b. 

Taking account of what has been said above, 
one must conclude that the appearance of the 
initial macrocracks cannot be connected with 
the ‘‘ defects’’. The explanation of the 
results obtained must be based on different 
considerations, 

In as much as the real metal represents a 
polycrystalline aggregate, the first macro- 
cracks, according to paper [15] in particular, 
are inevitably linked with individual grains 
and depend on the orientations of the grains 
with respect to the direction of the acting 
force. 

The first macrocracks which can be reliably 
determined in the incision while the investiga- 
tion is being made with the instrument micro- 
scope are of the order of 0.2 mm. Hence, such 
an initial macrocrack covers a group of about 
10 grains if the average grain size is 2p. 
It is natural that the properties of this 
‘*group’’ may be very different depending on 
whether the grains included in it have differ- 
ent orientations and, hence, a different limit 
of plasticity. It is least likely that all 
the grains composing the “group’’ will have the 
same orientation and minimum or maximum limit 
of plasticity. It is most likely that all the 
grains of a given “‘group” will have different 
orientations, and, hence, some average limit 
of plasticity. It follows that the poly- 
crystalline structure of the metal itself 
gives rise to a Gauss curve for the distribu- 
tion of the values of the plasticity which 
correspond to the appearance of the first 


cracks, 

Specimens of 20 x 20 x 110 mm size and 
P= 6 mm and specimens of 5 x 5 x 27.5 mm 
size and p= 1.5 mm have the same deformation 
as the first cracks appear because the working 
surface in the incision of even a smal] 
specimen, not to mention a large one, includes 
about 800 grains, With such a considerable 
number of grains the effect of the statistic 
factor connected with the orientation of the 
grains proves to be the same for specimens of 
different dimensions, From this standpoint 
the scattering of the values of the deforma- 
tions which correspond to the beginning of 
fracture should differ little in large and 
small specimens, which is observed experimen- 
tally. 

Thus, the statistic factor will have a 
certain influence on the beginning of fracture 
in very small specimens (of a size of the 
order of a few times ten millimetres), or in 
ordinary specimens (of a size of the order of 
5 mm) when the grains are very large. In 
other words, the smaller the ratio d/M (where 
d is the grain size, and M a coefficient de- 
termining the size of the specimen), the less 
will be the effect of the statistic factor. 

Fig. 2 shows that the curves of the distri- 
bution of the final deformations which corres- 
pond to fracture differ materially from each 
other. In the first place, the distribution 
curve for small specimens is displaced (at its 
maximum) by 30% compared with the distribution 
curve for large specimens, In the second 
Place, the scattering of the values of the 
extreme final deformations for small specimens 
is substantially greater. 

The shifting of the distribution curve is 
explained by the effect of the stored elastic 
energy in the specimen on the rate of develop- 
ment of the cracks [10]. With a large amount 
of stored elastic energy the cracks spread 
with great speed and this is not accompanied 
by any considerable plastic deformation. It 
is possible that this process is strongly 
localized and that plastic deformation devel- 
ops only directly in the area of the fracture 
crack, In large specimens, therefore, the 
limit of plasticity which corresponds to 
fracture will always be less than in small 
specimens, 

The form of the curves shown in Fig.2 might 
seemingly be explained from the standpoint of 
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the statistical theory of strength, In the 
first place, however, the extreme deformation 
which corresponds to the end of fracture is 
determined on the surface of the incision, 
while the process of fracture at that moment 
is penetrating to a considerable depth below 
the surface. Therefore one cannot speak here 
of the role of “‘ defects’’ in the same sense 
as the statistical theory. 

Secondly, one must take into account that 
the process of complete fracture does not 
represent a consistent development of one 
particular crack. At a certain stage indivi- 
dual small] macrocracks begin to merge and in 
the final upshot form one main crack. Bearing 
this in mind one may suggest that the rate of 
merging of individual cracks and the formation 
of a main crack will be influenced both by the 
degree to which these cracks (by their length 
and the sharpness of the edge which determines 
the degree of localization of the process of 
fracture) represent a danger, and hy the size 
of the specimen (by its elastic energy). In 
other words, the more dangerous the crack and 
the greater the dimensions of the specimen to 
be tested, the more rapidly and with less de- 
formation will fracture occur in the end, and 
vice versa, 

From the standpoint of the effect of the 
elastic energy it is possible to explain the 
form of the curves in Fig.2 which correspoid 
to complete fracture, that is to say, the 
greater scattering of the values of the extreme 
deformations for small specimens compared with 
that of the larger ones, 

The latter becomes evident if one pays atten- 


tion to the natural obstacles to the development 


of cracks in the form of differently orientated 
grains, their boundaries, various kinds of 
inclusions, small regions subject to uneven 
strengthening as a result of local plastic 
deformation, etc, 

Tnese obstacles have different effects on 
the rate of growth of the cracks depending on 
the size of the specimen, 

In small specimens for which the amount of 
stored elastic energy is small the growth of 
the cracks may be held up to a different 
degree, since in different specimens of small 
size obstacles with different effects on the 
rate of spreading of the cracks may be encoun- 
tered. This is the cause of the great scatter- 
ing of the values of the extreme plastic de- 


formation. 

In large specimens for which the amount of 
stored elastic energy is great the cracks 
develop very rapidly in virtually all cases; 
they easily overcome the existing obstacles, 
and as a result the scattering of the values 
of the extreme plastic deformation is negli- 
gible, 

Hence, the size effect as a whole represents 
a combination of energetic and statistical 
factors. The former plays the main, and the 
latter a subsidiary role, determining the 
position and form of the distribution curve 
respectively. 

Nevertheless, it is necessary to take into 
account that under real conditions the so- 
called metallurgical factor acquires very 
considerable importance; it is dependent on 
the inhomogeneity of the metals, in particular 
steel, arising out of the technology of pro- 
duction, namely the circumstances of casting, 
rolling, etc. The role of the metallurgical 
factor may become so importamt that the dis- 
tribution curve of the deformations for speci- 
mens of the same size may become substantially 
different both in position and in form, depen- 
ding on the part of the examined sheet from 
which the specimens of the given series were 
cut, and also on the position of the examined 
material relative to the rolling axis and the 
edges of the sheet (bottom or head of the 
billet). As we know, the plasticity of the 
material of a given casting or sheet is worse 
in the axis of the billet and its ends, par- 
ticularly in the head part. To obtain results 
which reliably characterize the dependence of 
the deformability of a sheet on size effect 
it is necessary to have test data on a large 
number of specimens of different sizes cut 
from different parts of the sheet, 


Translated by B. Ruhemann 
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TO THE QUESTION OF THE DEPENDENCE OF THE HARDNESS 
ON THE COMPOSITION OF MULTI-PHASE ALLOYS* 
V.P. SHISHOKIN and A.E. NIKEROV 
Leningrad M.I. Kalinin Polytechnical Institute 
Leningrad A.I. Herzen Pedagogical Institute 
(Received 17 February 1959) 


It is shown that in the general case the dependence between the hard- 
ness and the composition of alloys which are mechanical mixtures will 
be non-linear. The form of the functional dependence is given which 
should govern any property so as to be a linear function of the compo- 


sition in the general case. 


For a long time it has been assumed that the 
hardness of alloys which form a mechanical 
mixture of the components should be a linear 
function of the composition. Already in 1907, 
however, A, Sapozhnikov and Ia Kanevskii [1, 
2] observed that in the system lead-antimony 
the hardness changes along a curve with a 
maximum, while the eutectic composition has 
the most extreme hardness. Later [3-8] the 
number of similar examples increased, 

The deviation of the functional dependence 
of the hardness of two-phase alloys from an 
additive straight line was at first explained 
by the alloys investigated not being of equi- 
librium composition [9,10], but later, when 
this concept was rejected, by the presence of 
interactions between the phases [7, 11-14]. 
Although interaction between the pnases plays 
an important role in the plastic deformation 


of alloys, such alloys cannot strictly speaking 


be called mechanical mixtures, Therefore, 
without denying the importance of taking 
account of such interaction, we shall attempt 
to explain the causes of the non-additive 
change in the hardness of two-phase alloys in 
the case of the absence of any kind of inter- 
action between the phases. 

According to one of the existing points of 
view [4, 9, 10, 15, 16], the absence of an 
additive dependence is explained by the faulty 
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selection of units for the measurement of the 
concentration, We shall show that in the 
general case the hardness is a non-linear 
function of the composition in whatever units 
the latter may be measured. For this purpose 
we use the well known dependence of the hard- 
ness on the temperature 


’ 


(1) 


where @ depends on the composition and does 


not depend on the temperature, 


Let the hardness at the temperature to be a 
linear function of the composition 


H, = ax + 6; (2) 


then the dependéeice will be of a linear form 
at other temperatures only if 


a + f (x) (3) 
or if 
a= const, (4) 
Indeed, if condition (4) is ful filled, 


const (© of. 


0) x 4- be 


co:st ( 


H =ue a,x + b,; 


but if the coefficient a is even a linear 
function of the concentration 
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that is, at 
P+ ty 


the hardness will depend on the concentration 
in a non-linear manner. 
In the more general case, let 


a= f(x); (5) 
then 
In H = In(ax +6) F(x). 


Differentiating (6) with respect to 1°, we 
get 


He 


oH 
H = H 
es f(x) = Ha (7) 


If H is a linear function of the composition 


If (7) is twice differentiated with respect 
to x, one can obtain the following expression: 


(9) 


Formula (9) contradicts the initial proposi- 


tion that 
a f(t°); 


hence, a linear dependence of the hardness on 
the composition can be observed at all tem- 
peratures only in the special case where 


a + f(x). 


Incidentally, many investigations have 
shown that the composition has a very impor- 
tant effect on the heat coefficient of the 
plastic deformation (a). Hence, if the 
hardness is to be a linear function of the 
composition at some specific temperature (6), 
then at any other temperature a linear depen- 
dence will not occur, 

We can come to the same conclusion on the 
basis of the following graphic construction 
(Fig. 1). 


Composi tion 
a 


Fig. 1. Dependence between the logarithm of the 
hardness and the composition at different tempera- 
tures. 


Let the dependence between the hardness H 
and the composition of systems which form 
mechanical mixtures of the components A and B 
at the temperatures t}-t) be a linear function. 
Then in Fig. 1a the dependence between lg H 
and the composition is expressed by curved 
lines (the curves t;-t,). Projecting these 
curves on Fig. 1b which shows the dependence 
between 1g H and the temperature, we get three 
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straight lines with different angles of in- 
clination, and for the average composition the 
straight line will lie closer to the straight 
line of component B. Accordingly, the curve 
for the change in the heat coefficient of the 
hardness as a function of the change in com- 
position (Fig.1la, curve a) will returm to the 
axis of abscissae with a convexity. In 
reality, however, the curve of the heat coef- 
ficient of the hardness will in the case of 
alloys which are mechanical mixtures always 
return to the axis of abscissae with a con- 
vexity. 

Similar results are obtained if instead of 
(1) another dependence is used, for example 


H = 


where 7 is the duration of the action of the 
load, etc. 

Hence, for alloys which form mechanical 
mixtures of the components a linear dependence 
between the hardness and the composition can 
only occur for strictly defined values of the 
other factors which affect the hardness, In 
the overwhelming majority of cases the depen- 
dence will not be linear, however, 

This is understandable: the hardness is a 
function not only of the composition of the 
alloy, but also of the temperature, the dura- 
tion of the action of the load, the rate of 
deformation, etc., that is 


where x is the composition, and §, the other 
variables. Incidentally, any property (A) 
which can be represented in the form (10) will 
be a linear function of the composition (in 
the general case) if it can be represented in 


the form 


(10) 


A = x) => 


If, however, the property A cannot be repres- 
ented in the form (11) (as, for example, the 
hardness), then a linear dependence of this 
property on the composition will be observed 
only in specific cases. 

The concepts described above are close to 
the views expressed by A.A. Bochvar [17] who 
quite correctly has raised the question of the 
hardness not being a function of the composi- 
tion alone, Further, the question was, how 


Composition of multi-phase alloys 


ever, reduced to a deviation from the rule of 
additivity caused by the change in the posi- 
tion of the structural components in the pro- 


cess of plastic deformation, Although the 
structure of the alloys undoubtedly has an 
effect also on their hardness, the general 
reason for the non-linear dependence of the 
hardness on the composition of alloys which 
form mechanical mixtures of the components is 
that the hardness is such a function of many 
variables as cannot be expressed by equation 


(11). 


% 


H 


Fig. 2. Inversion of the isochrons and isotherms 


of the hardness with changing temperatures and 
rate of deformation. 


Fig. 2 shows the inversion of the isotherms 
and isochrons of the hardness with the change 
in temperature and the rate of deformation in 
systems formed by a mixture of the components 
A and B (of the eutectic type). At a low 
temperature and a high rate of deformation 
(for example, in the case of the impact hard- 
ness or at short durations of the load Tf) 
the isotherms and isochrons return to the axis 
of abscissae with a concaviety, but at high 
temperatures and low rates of deformation they 
return with a convexity to the axis of con- 
centration; a linear form of the isotherms 
and isochrons is only possible as a special 
case at some average value of the temperature 
and the rate of deformation, 

The concepts explained above can easily be 
put in a general form for the case of a mech- 
anica] mixture of more than two components, 
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If one demands a linear change of the property 
with changing composition in any section of a 
multi phase system equation (11) should have 


the form 
A =A ¥q,---, X_) = (12) 


i=} 
CONCLUSIONS 


1. It is shown that a linear dependence of 
the hardness on the composition of alloys 
which form a mechanical mixture of the con- 
ponents can occur only in a special case. In 
the general case such a dependence will be 


non-linear. 
2. The form of the functional dependence is 


given which should govern any property which 
is to be a linear function of the composition 


in the general case. 
3. The concepts explained are given a gener- 


al form for alloys containing any number of 
phases, 


Translated by B. Ruhemann 
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EFFECT OF THE RATE OF HEATING AND COOLING ON THE 
IRREVERSIBLE DEFORMATION OF IRON* 
S.F. KOVTUN 
Physico-technical Institute of the Academy of Sciences of the USSR 
(Received 25 December 1958) 


It has been shown in a number of papers 
[1-6] that metals with pronounced anisotropy 
of the physical and mechanical properties 
alter their dimensions as the result of 
repeated heating and cooling, The amount of 
the residual deformation depends on the number 
of heat changes. 

It is to be expected that such irreversible 
thermal deformations will be particularly 
noticeable if the heat changes cover the 
region of polymorphous transitions; one may 
also suppose that the thermal deformations 
will strongly depend on the rate at which the 
boundary between the two phases is shifting. 
Preliminary experiments have shown that the 
results obtained may be seriously distorted 
by the oxide film which appears on the surface 
of the specimen; therefore, all our basic 
experiments were made in a good vacuum, 

In the present paper we studied the effect 
of heat cycles and the rate of heating and 
cooling in the interval of the a@ ytransition 
on the dimensions and form of iron specimens, 


Fig. 1. 


* Fiz. metal. metalloved. 8, No.6, 939-945, 1959. 


APPARATUS 


The experiments on heat changes were made 
in a vacuum apparatus (Fig.1) which represents 
a cylindrical chamber of 80 in®. On the 
lateral flanges of it were mounted a pre- 
chamber for admitting the specimens without 
destroying the vacuum, the leads for the 
electric current and inspection windows, The 
chamber was cooled with running water. The 
apparatus was evacuated with a diffusion pump 
with a pumping rate of 2000 1/sec and a pre- 
vacuum pump. A nitrogen trap mounted between 
the working chamber and the diffusion pump 
served as a protection against the penetration 
of oil vapours and as an additional evacua- 
ting pump for condensing gases, 

A heater, representing a tube of 35 mm 
diameter and 500 mm length (7) with windings 
of molybdenum wire (8) was mounted in the 
chamber, To reduce heat losses through 
radiation and to create a uniform temperature 
in the furnace the tube was surrounded by 


Section of apparatus 
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four screens, ceramic ones of A1,03 (9) and an 
iron one, The vacuum lock consisted of tube 
1, divided by the excentric valve 2 in which 
was the rod 3? which moves along the tube 1 
when the pinion 4 is turned, At the end of 
rod 3 the molybdenum carrier 5 for the speci- 
mens 6 was mounted. The specimens were loaded 
in the pre-chamber which was then evacuated to 
a pressure of 1072 mm; after pumping the 
valve 2 was opened and the carrier with the 
specimen moved into the furnace. 

A movable Pt-PtRh thermocouple was mounted 
on the other flange; it was enclosed in a 
double-channel tube which in turn was enclosed 
in a steel tube of 8 mm diameter. The tube 
with the thermocouple was introduced in the 
chamber through a greased packing which made 
it possible to measure the temperature of the 
specimens at any point of the working space of 
the furnace. To admit air into the chamber the 
needle valve 10 was used. 


HEATING AND COOLING THE SPECIMENS IN VACUO 


Cylindrical specimens of iron and carbon 
steel were subjected to repeated heating and 
cooling (heat changes) in vacuo. The chemical 
compositions and initial dimensions of the 
specimens are given in Table 1. 

The first experiments with temperature 
cycles were made with the object of studying 
the effect of the phase transition on the 
irreversible deformation of the iron specimens. 
For this purpose the heating and cooling of 
the specimens was done with passing through 


the temperature of the a 2 7 transition (910°C). 


The experiments were conducted in the follow- 
ing manner: The specimens were placed in the 


molybdenum carrier and introduced into the 
vacuum furnace which had been heated to a 
temperature of 1000 + 20°. After thirty 
minutes holding they were taken out of the 
furnace and for 20 min cooled in vacuo to a 
temperature of 300°. Then the process was 
repeated. After every ten-twenty temperature 
cycles the specimens were cooled to room tenm- 
perature, and taken out of the vacuum system 
for measurement and for the investigation of 
the surface, The specimens were laid horizon- 
tally so as to exclude the effect of the 
weight on the change in the length. The 
friction forces which occur between the speci- 
men and the molybdenum carrier might somewhat 
weaken the effect of the change in length. 
To estimate this effect, the experiments were 
made on different carriers, made from molyb- 
denum, tantalum, iron, etc., but since no 
noticeable effect of the carrier on the change 
in the length of the specimens was observed, 
this effect was subsequently neglected. 
Preliminary experiments had shown that in a 
vacuum of the order of 1072-1073 mm the speci- 
mens are covered with an oxide layer which 
affects the effect we wanted to study to a 
considerable extent. All experiments were 
therefore made at a pressure of 5 x 107° to 
3 x 1077 mm Hg. Cautionary measures were 
taken to prevent the formation of oxide films 
on the surface of the specimens, For this 
purpose the specimen was placed in an iron 
tube and before the beginning of the experi- 
ment was degassed for 30 to 40 min to a resi- 
dual pressure of 4 x 1077 mm, The rate of 
heating the specimen in the region of the 
a2 transition was 18°/min, the rate of 
cooling 45°/min, After several hundred heat 
changes the surface of the specimens which 
remained silvery-white became gradually 


TABLE 1 


Imptrities content in % 


Diameter of 


Specimen 


specimen 


Armco iron 
3 steel 
40 steel 
U8A steel 
Y12A steel 
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0.04] 0.14] 0.20 0.02/0.010 (0.026 100.00 8.05 
0.15; 0.45) —- 0.40/0.015; —- 90.01 8.05 
0.40 | 0.55] 0.25 0.20/0.020 10.030 96.11 8.00 
0.80 | 0.30] 0.30 0.20/0.030; 84.86 6.55 
1.20 | 0.20] 0.30 0.20)0.080; 80. 22 1.97 


covered with creases, 

Fig. 2 shows a section of the surface of the 
initial specimen and the same section after 
300 heat changes. The length of the iron 
specimen as a function of the number of heat 
changes increases rapidly, and its diameter 
decreases correspondingly. With increasing 
number of heat changes the rate of increase 
of the length of the specimen increases. 


Fig. 2. Surface of the initial specimen (a) and 
the same section of the surface after 300 heat 


changes (b); x 6. 


A set of specimens was subjected to heat 
changes in the temperature interval from 250 
to 700°. The change in their length after 
100 cycles did not exceed 0.2%. The form of 
the specimen did not change. With increasing 
number of heat changes a growth of the grains 
is observed in the specimens. Specimens con- 
sisting of large crystals change in length 
more markedly, 


THERMAL CHANGES UNDER DIFFERENT HEAT 
TREATMENTS 


To trace the effect of heating and cooling 
on the change in the length of the specimens, 
the experiments were in the main made under 
two heat treatments with the same specimen 
either 68 or 39 mm length and 8.0 mm diameter. 
In the beginning of the experiment and at the 
transition to a new heat treatment, the sur- 
face of the specimen was cleaned with fine 
emery paper, A thermocouple welded to the 
surface of the specimen made it possible to 
measure the rates of heating and cooling the 
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specimen, 

Under the first heat treatment a high rate 
of heating and low rate of cooling was achiev- 
ed by heating the specimen to a temperature 
of 1000° by introducing it into the heated 
furnace, and by cooling it together with the 
switched off furnace, 

Under the second heat treatment a low rate 
of heating and high rate of cooling was 
achieved by heating the specimen together 
with the furnace to a temperature of 1000° 
and by cooling outside the furnace to a tem- 
perature of 300°. 

The measurements of the length of the 
specimen were made after every ten heat 
changes, 


Heat changes 


Change in iength % 


Fig. 3. Changes in the length of iron specimens 
as a function of the number of heat changes. 


The results of the measurements of the 
length of the specimen are shown in Fig.3. 
Here are presented two heat treatments under 
which the results of the change in the length 
of the specimen during the heat changes are 
diametrically opposite. Under the first heat 
treatment, where the rate of heating was 
30°/min and the rate of cooling 6°/min, a 
rapid reduction in the length is observed 
(straight line 1, Fig.3). At a rate of heat- 
ing of 2°/min and of cooling of 80°/min a 
rapid increase in the length is observed 
(straight line 2). 

As the experiments show, one can select such 
rates of heating and cooling that hardly any 
change in the length is to be observed. In 
our experiments this occurred at a rate of 
heating of 60°/min and a rate of cooling of 


75°/min. 


DISCUSSION OF THE RESULTS 


The experiments show that when cylindrical 


a 
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iron specimens are repeatedly heated and 
cooled in succession in the temperature 
interval which covers the ay phase tran- 
sition, irreversible changes in the length of 
the specimen occur, In the absence of an 
oxide film the changes in the length of a 
specimen of pure iron depend on the rates of 
heating and cooling, 

It should be noted that the changes in the 
length of the specimens are recorded only for 
the transition through the point of the a 7 
phase transformation, For heat changes made 
in vacuo in the temperature interval below 
the 2< 7 transition no noticeable change in 
length was observed, 

The mechanism of the irreversible changes 
in iron specimens during the 2< yf transition 
is not yet sufficiently known; nevertheless, 
one may attempt to explain it in the following 
manner: We know that the 2-7 transition in 
iron occurs with a reduction in the atomic 
volume [7]. Hence, if one assumes that when 
the specimen is heated in the furnace the 
a-—+y7 transition begins at the surface and 
gradually spreads through the entire volume, 
one can reckon that the outer layers in the 
Y phase, which has a smaller volume, compress 
the inner parts of the specimen which are in 
the a phase. When the specimen is cooled, 
however, the outer layers which are in the a 
phase have a larger volume and exert stresses 
on that part of the specimen which is still in 
the phase, 

Let us assume that the change in the linear 
dimensions of the iron specimen, when the phase 
transition occurs simultaneously throughout 
the entire volume, is € % on account of the 
change in the atomic volumes. In the 2 +y 
transition the atomic volume of iron decreases 
from 12,1750 to 12.0512(kx)? [8]. If, how- 
ever, the a— 7 transition is not completed 
simultaneously through the entire volume, but 
first in the upper layer of the cylindrical 
specimen and then in the following layers, the 
phase boundary will gradually spread inside 
the specimen, In our experiments the boundary 
between the a and Y phases moved from the 
outer surface into the specimen. If there 
were no link between the a and ¥ phase layers, 
or if the a-—-y7 transition were to proceed 
without the formation of a boundary between 
the a and ¥Y phases, then, after the completion 
of the 2-+y transition the length of the 


specimen would be shortened by the quantity 


where 1, and ly are the lengths of the 
specimen in the @ and Y phases during the 
a—- v7 transition. Under real conditions the 
aand Ylayers penetrate each other, There- 
fore, the inner layer of the @ phase will on 
heating counteract the compressing forces of 
the y phase layer. On cooling, however, the 
reverse process takes place: the inner layer 
of the ¥ phase will counteract the extending 
stresses of the Y phase layer. The resulting 
effect of compression or extension of the 
specimen will depend on the plastic properties 
of the one or the other phase, 

In order not to complicate the question, we 
shall consider the irreversible change in the 
length of a cylindrical iron specimen as the 
result of the phase transition without taking 
into account its strength characteristics in 
the @ and ¥ phases, 

One can show that as a result of the gradual 
spread of the new phase inside the specimen 
an irreversible change in the length of the 
cylindrical specimen should occur if the rates 
of heating and cooling are different. 

Let us examine two cases: 

1) instantaneous heating and slow cooling of 
the specimen; 

2) slow heating and instantaneous cooling. 

By instantaneous heating or cooling we shall 
understand the simultaneous transition from 
the a to the Y phase throughout the entire 
volume without the formation of a shifting 
phase boundary. 

With rapid heating throughout the entire 
volume, i.e. with instantaneous «— 7 tran- 
sition the length of the specimen in the Y 
phase will be equal to /, =/o. (1—€), where 
| y and Ipgare the lengths of the specimen in 
the a and Y phases respectively, € is the 
change in the length of the specimen without 
the formation of a phase boundary, If the 
specimen is now slowly cooled, the outer laye 
of @ iron will extend the inner layer of Y 
iron and the length of the specimen after the 
transition to the @ phase will be equal to 


lia = L, (1 + £1), 
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where €, is the change in the length of the 
specimen for the +a transition taking 
account of the interaction of the layers of 
the @ and y phases. Substituting the equation 
for ly we obtain 


lia = loa(l (1 + 


In this case €,<e, since the reverse tran- 
sition 7-2 occurs gradually and the exten- 
ding stresses of the @ layer are partly com- 
pensated for by the counteraction of the ¥ 
layer. Therefore, the length lia is after 
one complete ay transition irreversibly 
shortened by the amount 4 1, (Fig. 4a) 


Al, = — Loa [(e — + = — Loa — &1)- 


In the second case, for slow heating, when 
the compressing forces of the ¥ layer which 
is being formed will be partly compensated 
for by the counteraction of the inner a@ layer, 
and the length of the specimen after a com- 
plete transition into the y phase will be ~ 


ly = (1 — &), 


where | y is the length of the specimen in 
the Y phase after the transition, 
the length of the specimen in the a phase up 
to the transitio; is the change 
in the length of the specimen taking account 
of the interaction of the layers of the @ and 
Y phases for slow heating. If this specimen 
is cooled instantaneously, its length in the 
@ phase will be 


lie = l, (i + e), 


or, substituting the equation for ly, we 
obtain 


Lie = Loa (1 — (1 +). 


Since e2<e for the same reason stated above, 
after the complete a7 transition, if 


— <5 the specimen will irreversibly 
e+ 
increase in length by the amount ly (Fig. 4b) 


Aly = loa (@ — & Loe — 
Under rea] conditions the difference in the 
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values of €, €, and €» will be less, since 
interaction between the phase layers occurs 
both on heating and on cooling. By changing 
the relative rates of heating and cooling one 
can therefore change both the rate and even 
the sign of the deformation. 


Fig. 4a. 41: Shortening of the length by ly a 
during heating without interaction; 2: irrever- 
sible shortening after slow cooling with inter- 
action of the phases @ and Y, 

= ly, 


Fig. 4b. 4: Shortening by loa for heating 
with taking the interaction of phases @ and ¥ into 
account; 2: irreversible lengthening on cooling 
without interaction between the phases q andy, 


A = log 


The explanation of the change in the length 

of iron specimens for heat changes in the 
temperature interval which covers the point 
of the a7 transition proposed by us is 
confirmed by the experimental data obtained 
by us and shown in Fig.3. 

With rapid (not instantaneous) cooling at a 
rate of 30°/min and slow cooling at a rate of 
6°/min (Fig.3, straight line 1) a uniform 
shortening of the length of the specimen 
occurs. For every 10 heat changes the length 


of the specimen shortens by 0. 28%. 
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With slow heating (2°/min) and rapid 
cooling (80°/min) a uniform increase in the 
length is observed (Fig.3, curve 2). For 
every 10 heat changes the specimen increases 
in length by 0.7%. 

As the experiments have shown, one can 
change not only the amount of the residual 
deformation but also its sign by altering the 
rates of heating and cooling. 

The grain growth observed during heat chan- 
ges in the specimens affects the amount of the 
irreversible deformation, since in the process 
the plastic properties of the metal are 
altered. Therefore, one may suppose that 
adding impurities which change the mechanical] 
properties of the meta] one can also change 
the amount of irreversible deformation in 
phase transitions, 


Al 


Fig. 5. Change in the length of specimens of steel 
of various brands as a function of the number of 
heat changes. 


Fig.5 shows the results of the change in the 
length of steel specimens as a function of the 
number of heat changes, Since these experi- 
ments were made at a residual pressure of 
1073 mm, an oxide film was formed during the 
experiment, 

With increasing number of heat changes 
longitudinal cracks appeared on the oxidized 
specimens, creases appeared on their ends, 
and the shape of the specimens became barrel- 
like, Specimens of 3 steel were shortened 
most in length, specimens of 40 steel a little 
less and specimens of U8A steel still less, 

A specimen of U12A steel increased in 
length, 


CONCLUSIONS 


1. Heat changes of cylindrical specimens of 
iron, 3 steel, 40 steel, U8A steel and U12A 
steel effected in vacuo by means of repeated 
heating and cooling in succession in the 
temperature interval which covers the point 
of the a=” 7 transition cause considerable 
residual changes in the length of the speci- 
mens, 

2. The amount of the irreversible change in 
the length of the specimens of iron during 
the phase transitions can be reduced by a 
corresponding selection of the per cent con- 
tent of impurities, in particular carbon, 

3. The rates of cooling and heating the 
specimens are the main factor which substan- 
tially affects the change in the length during 
repeated heat changes, 

4. A possible mechanism is suggested for 
the change in the length of the metal speci- 
mens during repeated heating and cooling with 
passing through the point of the phase trans- 
formation, 

I express my profound gratitude to Professor 
K.D. Sinel’nikov for guiding this work and to 
Vv. Ye. Ivanov for his help in carrying it out. 


Translated by B, Ruhemann 


REFERENCES 


. D.K. Chernov, Zhurnal Russkogo metal lurgiches- 
kogo obshchestva, No.5, part 1, p.706 (1912). 

. F. Berger, Zs. Vereines Deutsch. Ingenieure, 
72, (1928). 

. L.A. Glikman, Zh. tekh. fiz. 7, 294 (1937). 

. W. Boas and K.W. Honeycombe, Proc. Roy. Soc. 
A188, No. 1015, 427 (1947). 

. Doklady Sovietskoi delegatsii na Me zhdunarodnot 
konferentsii po mirnomu ispol’zovaniiu atomnot 
energti “‘Issledovaniia v oblasti geologii, 
khimit i metallurgii’’ (Reports of the Soviet 
delegation to the International Conference on 
the Peaceful Utilization of Atomic Energy 
‘Studies in geology, chemistry and metallurgy”) 
Akad. Nauk SSSR p.263, Moscow (1955). 

F. Fut, Fizicheskaia metallurgiia urana. 
Materialy Mezhdunarodnoi konferentsti po 
ispozovaniiu atomnoi energii v mirnykh tseliakh 
(The physical metallography of uranium. Materi- 
als of the International Conference for the 


128 
vo! 
U/i2A 
Heat changes 
-4 
Se 
“18 
1 
3 
4 
5 
6 


Irreversible deformation of iron 


utilization of atomic energy for peaceful (1953). 
purposes) M.M.K., Report 555 (1954). 

7. V.D. Kuznetsov, Kristally i kristallizatsiia 8. Z.S. Basinski, W. Hume-Rothery and A.L. Sutton, 
(Crystals and crystallization) p.271, Moscow 


Proc. Roy. Soco A229, 459 (1954). 


129 
VOL. 
8 
1959 


